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INTRODUCTION 

Two impor tan t  cons idera t ions  f o r  t h e  f u t u r e  p roduc t ion  o f  o i l  from 
shale are So l ids  hand l i ng  and heat management. For a resource y i e l d i n g  about 
90 a/tonne , two tonnes o f  rock must be handled f o r  each b a r r e l  o f  o i l  pro- 
duced, and l a r g e  q u a n t i t i e s  o f  heat must be supp l ied  or removed f o r  t h e  high- 
temperature processes invo lved.  Proper reac to r  design and e f f i c i e n t  process 
operat ions requ i re  accura te  en tha lpy  da ta  f o r  r e t o r t i n g  raw shale and combust- 
i n g  spent shale. It i s  p a r t  o f  our program i n  high-temperature ca lo r ime t ry  t o  
develop novel techniques f o r  o i l  -shale measurements and t o  p rov ide  accurate 
enthalpy da ta  f o r  sha les  o f  commercial i n t e r e s t .  I n  previous papers, we have 
descr ibed a new method f o r  de termin ing  t h e  en tha lpy  o f  vapor i za t i on  o f  organic 
ma te r ia l s  a t  h igh  temperatures ( l ) ,  demonstrated t h e  a p p l i c a t i o n  o f  t h i s  
method t o  o i l - s h a l e  systems (2), and g iven a complete s e t  o f  r e s u l t s  f o r  t h e  
heat o f  r e t o r t i n g  raw Colorado Green R ive r  and A u s t r a l i a n  Rundle o i l  shales t o  
500°C ( 3 ) .  I n  t h e  present  paper we present new r e s u l t s  f o r  t h e  heat o f  com- 
bus t i on  o f  spent Green R ive r  shales a t  705OC. 

EXPERIMENTAL METHOD 

Our apparatus i s  t h e  high-temperature Calvet- type ca lo r ime te r  de- 
sc r i bed  p rev ious l y  (4 ) .  B r i e f l y ,  it cons is t s  o f  a c e n t r a l  incone l  b lock  sur- 
rounded by a furnace designed f o r  opera t ion  from room temperature t o  1000°C. 
Wi th in  the  b lock  a re  two symmet r ica l l y  mounted w e l l s  which serve as sample 
chambers. Each we l l  i s  surrounded by a m u l t i - j u n c t i o n  thermop i le  which moni- 
t o r s  the  temperature d i f f e r e n c e  between t h e  we l l  and t h e  b lock .  When any 
process w i t h i n  t h e  sample chamber absorbs o r  l i b e r a t e s  heat, t he  thermopi le 
s igna l  observed i s  p ropor t i ona l  t o  t h e  heat flew between the  chamber and the 
b lock .  The t w i n  thermop i les  are w i red  i n  oppos i t i on  so t h a t  a d i f f e rence  
reading i s  obtained f o r  the  l e f t  versus r i g h t  sample chambers. A diagram of 
t h e  apparatus i s  shown i n  F igure  1. 

Most o f  t h e  experiments t o  be descr ibed a re  "drop" experiments. A 
qua r t z  o r  ceramic tube w i t h i n  t h e  sample chamber i s  con t inuous ly  swept w i th  
Gas (ni t rngen c r  oxygen, depending on t h e  exper iment) ,  and a sample i s  droppea 
from room temperature i n t o  t h e  r e c e i v i n g  tube  a t  t h e  h igh  temperature o f  the 
ca lo r ime te r .  A peak i n  t h e  thermop i le  s igna l  records  the  t o t a l  heat necessary 
t o  b r i n g  the sample f rom room temperature t o  i t s  f i n a l  s t a t e  a t  h i g h  tempera- 
tu re .  The area o f  t he  peak i s  d i r e c t l y  p ropor t i ona l  t o  t h e  t o t a l  heat.  

+a/tonne = 4.174 U.S. g a l / t o n  
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I n  t h e  case o f  samples dropped i n t o  n i t rogen,  we have developed a 
novel method f o r  de termin ing  t h e  heat necessary f o r  r a p i d  vapor i za t i on  pro- 
cesses i n  t h e  ca lo r ime te r  (1). When a sample o f  an organic compound, o r  of a 
Complex mix tu re ,  i s  dropped i n t o  the  ca lo r ime te r  a t  a temperature where evapo- 
r a t i o n  o r  b o i l i n g  i s  rap id ,  a l l  processes can be completed w i t h i n  the  t ime 
constant of t h e  ca lo r ime te r  (about 2 t o  3 minutes).  The ca lo r ime te r  thermo- 
p i l e  then responds " b a l l i s t i c a l l y " ,  and t h e  peak he igh t  (as  w e l l  as the  more 
t r a d i t i o n a l  peak area) i s  d i r e c t l y  p ropor t i ona l  t o t h e o t a l  heat  t r a n s f e r r e d  
t o  the  sample. I n  Reference 2 we showed t h a t  t h e  method was accura te  beyond 
Pure compounds and cou ld  be used t o  determine t h e  heats associated w i t h  o i l -  
shale processes. Resu l ts  on Green R ive r  o i l  sha le  f o r  t h e  t o t a l  en tha lpy  
change 

raw shale (25OC) + spent shale + v o l a t i l e s  (5OOOC) 1) 

agreed very we l l  w i t h  those from an e a r l i e r  study us ing  an e n t i r e l y  d i f f e r e n t  
technique (5 ) .  

I n  a d d i t i o n ,  t h i s  experiment f o r  a complex m a t e r i a l  such as o i l  
shale presents an oppor tun i t y  t o  study t h e  phys ica l  chemistry o f  t h e  associ-  
ated processes. When a sample i s  dropped i n t o  h i g h  temperature, some 
processes may be completed w i t h i n  t h e  response t ime  o f  t h e  ca lo r imeter ,  and 
o ther  processes may take  longer.  The peak-height value w i l l  accu ra te l y  repre- 
sent t h e  heat f o r  t h e  r a p i d  processes, w h i l e  t h e  peak-area va lue  w i l l  repre- 
sent t he  t o t a l  heat f o r  a l l  o f  t he  processes u n t i l  t h e  ca lo r ime te r  re tu rns  t o  
equ i l i b r i um (about 1.5 t o  2.5 hours).  Al though comparison o f  t h e  peak-height 
and peak-area values f o r  each run nomina l l y  d i s t i ngu ishes  rap id  vs. slower 
processes, t h i s  can sometimes a l l ow  a d i s t i n c t i o n  between organ ic  and i n -  
organic con t r i bu t i ons .  I n  Reference 3, we presented r e s u l t s  f o r  two complete 
s i n k - f l o a t  s e r i e s  o f  r a w  shales, Colorado Green R ive r  and A u s t r a l i a n  Rundle. 
The enthalpy q u a n t i t i e s  f o r  equat ion 1 were accu ra te l y  determined, and the  
comparison o f  peak-height and peak-area values showed t h e  importance o f  slower 
inorgan ic  processes occu r r i ng  i n  the  Rundle shales a t  500°C. 

C a l i b r a t i o n  o f  t h e  c a l o r i m e t r i c  s e n s i t i v i t y ,  bo th  f o r  endo- and 
exothermic events, i s  in te rspersed repeated ly  among t h e  ac tua l  shale exper i -  
ments. For endothermic drops i n t o  n i t rogen,  the  c a l o r i m e t r i c  s e n s i t i v i t y  i s  
determined by dropping samples o f  wAl O3 i n t o  t h e  ca lo r ime te r  and record ing  
bo th  t h e  he igh t  and area o f  t h e  resu?lting peak. From t h e  known enthalpy 
change (6)  o f  A1 O3 between room temperature and t h e  ca lo r ime te r  temperature, 
both a peak-heiggt and a peak-area c a l i b r a t i o n  constant a re  ca l cu la ted .  For 
exothermic combustion experiments, t he  c a l o r i m e t r i c  s e n s i t i v i t y  i s  determined 
us ing  a c a l i b r a t i o n  heater  wound onto t h e  ceramic tube which serves as the  gas 
d e l i v e r y  i n l e t .  A heat pu lse  i s  generated us ing  a p r e c i s i o n  power supply, and 

, t he  t o t a l  heat i s  c a l c u l a t e d  from t h e  known vo l tage  and the  measured re -  
s i  stance. 

OIL-SHALE SAMPLES 

The raw Green R ive r  o i l - s h a l e  samples are  from t h e  s i n k - f l o a t  sepa- 
r a t i o n  procedures devel oped a t  Exxon Research and Engi neer i  ng Company i n  
Baytown, Texas (7 ) .  They are  t h e  same as those used i n  our r e t o r t i n g  s tud ies  
( 3 )  and are  from t h e  Mahogany Zone (Colony Mine) , rang ing  from 87 t o  340 
a/tonne (21 t o  82 U.S. g a l / t o n )  Fischer Assay. Compositional de ta i l s , inc lud-  

325 



i n g  minera l  analyses, have been given by Vadovic ( 7 ) .  The powdered shale sam- 
p l e s  were d r i e d  i n  our l a b o r a t o r y  over a P20 desiccant t o  remove surface 
mo is tu re  and l o o s e l y  h e l d  water. Occasional d e c k s  have i n d i c a t e d  t h a t  t h i s  
process removes an amount o f  water comparable t o  t h a t  removed by d r y i n g  a t  
105OC. 

COMBUSTION OF SPENT GREEN R I V E R  SHALE AT 705OC 

Combustion o f  Model Carbonaceous Ma te r ia l s  

The e l e c t r i c a l  c a l i b r a t i o n  procedure o u t l i n e d  e a r l i e r  determines the  
c a l i b r a t i o n  cons tan t  f o r  t h e  r e l a t i v e l y  " s t e r i l e "  procedure o f  a c o n t r o l l e d  
e l e c t r i c a l  power i n p u t  w i t h i n  t h e  thermop i le  reac t i on  zone. To determine 
whether t h i s  constant i s  app l i cab le  t o  a v igo rous l y  combusting organic sample 
a t  h igh  temperature, we performed several  chemical checks us ing  model combus- 
t i ons. 

A t  75OoC, we measured t h e  heat o f  combustion o f  SP-1 g raph i te  (8 ) .  
I n  our f i r s t  exper iments,  us ing  d r y  oxygen, t h e  heat o f  combustion values were 
w ide ly  sca t te red  and i n v a r i a b l y  low w i t h  respec t  t o  t h e  l i t e r a t u r e  va lue  f o r  
g r a p h i t e  (9 ) .  We suspected incomplete combustion of carbon monoxide, and, 
when we humid i f i ed  the  oxygen by bubb l ing  i t  through l i q u i d  water a t  room 
temperature ( l o ) ,  t h e  combustion values immediately improved t o  w i t h i n  3 t o  4 
percent  o f  t he  l i t e r a t u r e  value. By a d j u s t i n g  t h e  gas f l o w  r a t e  t o  change the  
residence t ime o f  gases i n  t h e  r e a c t i o n  zone, we even tua l l y  ob ta ined an accu- 
racy  o f  1 t o  2 percent .  Thus, a l l  subsequeni combustions o f  shale samples 
used humidi fed oxygen a t  a f l o w  r a t e  o f  20 cm /min. Fu r the r  tes ts ,  bo th  a t  
705 and 750'C. were made by combusting the  highly-porous amorphous carbon, 
spherocarb ( l l ) ,  t o  s imu la te  t h e  r a p i d  burn ing  o f  a spent shale sample, and 
these t e s t s  i n d i c a t e d  t h a t  t h e  e l e c t r i c a l  c a l i b r a t i o n  constant,  even when 
app l i ed  t o  a r a p i d  combustion, g i ves  t h e  t r u e  en tha lpy  va lue  w i t h i n  a few 
percent.  

To t e s t  whether v o l a t i l e  m a t e r i a l s  would combust w i t h i n  the  thermo- 
p i l e  zone under our  cond i t i ons ,  we dropped samples o f  heavy, pure aromat ic 
compounds d i r e c t l y  i n t o  t h e  oxygen stream i n  t h e  ca lo r ime te r  a t  705OC. We 
used 1,2,5,6-dibenzanthracene ( t b  = 524OC) and coronene ( t b  = 525OC), and 
sample s izes  (about 2 t o  3 mg) w8re chosen t o  s imu la te  the  ankunt o f  organic 
t h a t  might v o l a t i l i z e  from a spent sha le  sample. Even though combustion was 
no t  complete (60 t o  90 percent o f  t h e  expected en tha lpy) ,  we concluded t h a t ,  
if our system was t h i s  e f f i c i e n t  i n  combusting these r e f r a c t o r y  molecules, we 
cou ld  expect v o l a t i l e  m a t e r i a l s  evo lv ing  from a spent shale t o  be combusted as 
we1 1. 

Prepara t ion  o f  Spent Shales 

P e l l e t s  o f  each raw shale were pyro lyzed i n  a thermogravimetr ic 
ana lyser  (TGA) t o  5OOaC a t  hea t ing  ra tes  o f  50 t o  100°C/min and he ld  f o r  
20 minutes. Most o f  the p e l l e t s  cou ld  be recovered i n t a c t  f r o m  the  TGA and 
used fo r  subsequent experiments. For p e l l e t s  o f  t h e  two r i c h e s t  samples, 
however, t he re  was cons iderab le  s w e l l i n g  and cracking, o f t e n  causing mechani- 
c a l  l o s s  of some o f  t h e  ma te r ia l .  These p e l l e t s  had t o  be h e l d  i n  go ld  cruc- 
i b l e s  du r ing  the  TGA runs  and i n  subsequent ca lo r ime t ry  experiments. To check 
t h a t  t h e  TGA purge gas was reasonably f r e e  o f  oxygen, occasional  samples were 
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he ld  a t  5OOOC f o r  per iods  o f  40 minutes t o  f o u r  hours. There was no de tec t -  
ab le  mass change du r ing  these t ime per iods.  When t h e  subsequent heat of 
combustion was compared t o  t h a t  of samples he ld  f o r  o n l y  20 minutes, no l o s s  
of heat ing  value was observed, i n d i c a t i n g  t h a t  no ser ious  sample o x i d a t i o n  had 
occurred. 

For  each raw shale i n  the  ser ies ,  several  p e l l e t s  (approx imate ly  30 
t o  100 mg each) were pyro lyzed i n  t h e  TGA. Some were saved f o r  c a l o r i m e t r i c  
experiments, whi le,  i n  general, two o f  each member o f  t h e  se r ies  were sent f o r  
ana lys i s  (12). The r e s u l t i n g  analyses are  g iven i n  Table 1 and were used t o  
c a l c u l a t e  the  amount o f  organic and ino rgan ic  ma te r ia l  i n  each sample. How- 
ever, t h e  amount o f  Ca p lus  Mg, i f  assumed t o  be e x c l u s i v e l y  due t o  t h e  miner-  
a l s  c a l c i t e ,  CaC03, and dolomite,  CaMg(C03)2, p r e d i c t s  carbonate contents 
h igher  than those from t h e  ac id  C02 t e s t s .  To a r r i v e  a t  a va lue  f o r  C02 
content,  we even tua l l y  took  the  s imple average o f  t h e  two p o s s i b l i t i e s  f o r  
each sample. The ino rgan ic  carbon was then ca l cu la ted  and subt rac ted  from the  
t o t a l  carbon t o  y i e l d  t h e  organic carbon value. 

Spent Shale Experiments and Resu l ts  

Using the  30 t o  100 mg p e l l e t s  descr ibed above, several  experiments 
were performed on each spent sha le  a t  705OC. Th is  temperature was chosen 
because organic combustion i s  rap id ,  w h i l e  carbonate decomposition i s  slow 
(13),  g i v i n g  us an oppor tun i t y  t o  p a r t i a l l y  separate t h e  heat e f f e c t s .  

I n  one se t  o f  experiments, t h e  ca lo r ime te r  sample chamber wa3 con- 
t i n u o u s l y  swept w i t h  n i t rogen  a t  f l ow  ra tes  ranging from 115 t o  210 cm /min, 
and samples were dropped from room temperature i n t o  705OC. From the  endo- 
thermic  peak i n  t h e  thermop i le  s igna l ,  a peak-height and a peak-area enthalpy 
va lue  were ca l cu la ted  f o r  t h e  process 

spent shale (25OC) + pyro lyzed sha le  + products (705OC) 2) 

Because o f  t h e  slow carbonate decomposition, a l ong  t a i l  i s  ev iden t  on the  
peak, and the re  i s  a cons iderab le  d i f f e r e n c e  between t h e  peak-height and peak- 
area en tha lp ies  (see below, F igure  2) .  I n  separate experiments, samples o f  
sp n t  shale were a l so  dropped d i r e c t l y  i n t o  t h e  humid i f i ed  oxygen stream (20 

spent shale (25OC) + O2 (705OC) + bu rn t  shale (705OC) + 

cm E /min) t o  determine t h e  t o t a l  en tha lpy  

3) 
C02, H20, e tc .  (705OC) 

A t y p i c a l  thermop i le  s igna l  showed a number o f  events. It f i r s t  moved i n  the  
endothermic d i r e c t i o n  t o  record sens ib le  heat bu t  then q u i c k l y  changed t o  t h e  
exothermic d i r e c t i o n  t o  record  r a p i d  combustion. F i n a l l y ,  it re turned endo- 
thermic  t o  cont inue record ing  slow carbonate decomposition. The charac ter  o f  
t h e  s igna l  depends on t h e  balance between organic ma te r ia l  and carbonate 
minera ls  i n  t h e  sample. For peaks o f  t h i s  type, t h e  peak-height value i s  
meaningless, and the  area from i n i t i a l  t o  f i n a l  base l ines  was used t o  calcu- 
l a t e  t h e  enthalpy.  
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Figure  2 shows a l l  o f  t h e  exper imental  r e s u l t s  from t h e  n i t rogen  
experiments (he igh t  and area) and from t h e  oxygen experiments (area on ly ) ,  
p l o t t e d  vs. t h e  percent  o rgan ic  carbon on t h e  spent shale samples. 

Experimental Heat o f  Combustion and Comparison t o  L i t e r a t u r e  

When the  peak-area value from t h e  n i t r o g e n  drop (Equat ion 2) i s  
subtracted from t h a t  o f  t h e  oxygen drop (Equat ion 3) t h e  r e s u l t  i s  t he  heat o f  
combustion of spent sha le  a t  705"C, i n c l u d i n g  shale v o l a t i l e s :  

(pyro lyzed shale + products) + O2 + b u r n t  shale + C02, H20, etc.  4)  

We assume t h a t  a l l  processes which occur under n i t r o g e n  a l so  occur t o  t h e  same 
ex ten t  under oxygen and t h a t  t h e  combustion i s  then  an a d d i t i v e  c o n t r i b u t i o n .  
I n  p a r t i c u l a r ,  both t h e  carbonate decomposition en tha lpy  and any enthalpy o f  
producing v o l a t i l e s  from t h e  spent shale cancel i n  t h e  sub t rac t i on .  The 
en tha lpy  of v o l a t i l e s  p roduc t ion  i s  expected t o  be small, and t h e  carbonate 
decomposition en tha lpy  can be added back t o  g i v e  an ad jus ted  form o f  
Equat ion 4: 

spent sha le  ( i n c l u d i n g  carbonate) + 02 + bu rn t  shale + 

minera l  C02 + CO2, H20, etc.  

The experimental combustion values f o r  Equat ion 5 a re  g iven i n  Table 2, where 
they  a re  compared t o  l i t e r a t u r e  values de r i ved  as fo l l ows .  

Burnham e t  a l .  (14) repo r t  a c o r r e l a t i o n  which represents the  heats 
o f  combustion o f  s-Green R ive r  o i l  shales as determined by c l a s s i c a l  bomb 
combustion ca lo r ime t ry .  Since these heats r e f e r  t o  a se t  o f  s p e c i f i e d  stan- 
dard s ta tes  which are  no t  t y p i c a l  o f  those expected a t  h igh  temperatures, they  
ad jus t  t h e i r  c o r r e l a t i o n  and g i ve  the f o l l o w i n g  ( t h e i r  Equat ion 4) f o r  the  
heat of combustion expected a t  h igh  temperatures 

M ( J /g )  = -375.3 (% organic C) - 512.5 (%SI + 20.85 (% C02) 

We have ad jus ted  t h i s  f u r t h e r  t o  change t h e  f i n a l  s t a t e  f o r  water from l i q u i d  
t o  gas (by changing t h e  term f o r  % o rgan ic  C from -375.3 t o  -368.0 as they 
recommend) and t o  change t h e  f i n a l  s t a t e  f o r  n i t r o g e n  from N t o  a m ix tu re  o f  
NO and NO2. The r e s u l t i n g  equat ion then assumes t h a t  t h e  fo? lowing  processes 
occur: combustion o f  o rgan ic  m a t e r i a l ,  combustion o f  o rgan ic  s u l f u r  and 
inorgan ic  s u l f i d e s ,  cap ture  o f  SO2 as su l fa tes ,  and decomposition o f  carbon- 
ates. However, one impor tan t  quest ion concerning t h e  combustions a t  705OC i n  
our ca lo r ime te r  i s  whether calc ium and magnesium oxides have reac ted  w i t h  Si02 
t o  form new s i l i c a t e  compounds. L i t e r a t u r e  i n d i c a t e s  t h a t  t he  r a t e s  o f  these 
reac t ions  are enhanced by steam (13), but  we do no t  know whether t h e  low l e v e l  
Of mo is tu re  i n  our oxygen i s  enough t o  have a s i g n i f i c a n t  e f f e c t .  Thus, i n  
Table 2 we have c a l c u l a t e d  " l i t e r a t u r e "  values i n  two ways, assuming e i t h e r  no 
s i l i c a t e  format ion o r  complete s i l i c a t e  format ion,  us ing  t h e  terms given by 
Burnham et. (14).  

I n  Table 2, the  o v e r a l l  agreement between our new data  and the  
l i t e r a t u r e  values, even toward the  r i c h e r  f r a c t i o n s ,  shows t h a t  t o  f i r s t  order 
t h e  heat of combustion a t  h igh  temperatures i s  understood f a i r l y  we l l .  How- 
ever, as Burnham e t  a l .  (14) a l s o  concluded (concerning t h e i r  bomb ca lo r ime t ry  

5) 

6) 

' I  

328 



1. 

I 
\ o ther .  

r e s u l t s ) ,  t he re  are  impor tan t  quest ions remaining, p a r t i c u l a r l y  on the  r o l e  of 

d e f i n i t i v e  statement on t h e  occurrence o f  s i l i c a t e  reac t ions  i n  our  c a l o r i -  
meter, s ince  some of t he  p o i n t s  i n  Table 2 support  one assumption and some the  

\ mineral  reac t ions .  For example, t he  exper imental  s c a t t e r  does no t  permit  a 

CONCLUSION 
\ 

High-temperature Calvet ca lo r ime t ry  i s  a powerful means o f  de ter -  
m in ing  accurate en tha lpy  values f o r  o i l  shale processes a t  h igh  temperatures, 
us ing  very small samples (50 t o  200 mg). By us ing  samples from s i n k - f l o a t  
separa t ion  procedures (7 ) ,  a wide range o f  o rgan ic  and ino rgan ic  c o n t r i b u t i o n s  
can be studied. I n  a previous paper (3 ) ,  values f o r  the  heat o f  r e t o r t i n g  
Green R ive r  o i l  shales t o  5OOOC have been extended beyond t h e  o i l  y i e l d s  
p rev ious l y  studied (5,15), and t h e  f i r s t  accurate values f o r  Rundle shales 
were determined. To our knowledge, t h e  present study a l s o  represents  the  
f i r s t  attempt t o  measure heats o f  combustion o f  spent shales i n  a high-temper- 
a t u r e  ca lo r imeter  ( i  .e. o the r  than by d i f f e r e n t i a l  scanning c a l o r i m e t r y  o r  
d i f f e r e n t i a l  thermal ana lys i s ) .  Resu l ts  f o r  spent Green R ive r  o i l  shales a t  
705OC agree reasonably we l l  w i t h  those de r i ved  from c l a s s i c a l  bomb calo- 
r ime t ry ,  bu t  t he re  are impor tan t  quest ions remaining on t h e  c o n t r i b u t i o n s  o f  
mineral  reac t ions  t o  the  enthalpy.  
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Tab le  1 

I 

I 

/ 

Analyses o f  Green R i v e r  Shale Samples R e t o r t e d  by TGA t o  50OOC 
( G a l b r a i t h  L a b o r a t o r i e s  (12)) 

so3 Sample C ( t o t a l )  H N S Ca 5 ash carbonate  C ( X  on ash) 
% o f  d r i e d  spent sha le  

2.25 8.74 0.27 0.29 0.81 16.60 3.96 74.75 6.64 

2.2F 9.48 0.28 0.33 0.70 17.74 4.03 74.27 6.53 

2.0F 9.54 0.32 0.42 0.98 14.97 4.06 75.73 5.76 

1.9F 10.24 0.45 0.65 1.36 10.89 3.96 78.03 4.52 

1.8F 11.19 0.56 0.71 1.60 9.63 3.71 77.36 4.13 

1.7F 12.16 0.59 0.80 2.06 8.60 3.36 78.13 3.76 

1.6F 12.10 0.61 0.79 2.34 8.62 2.66 78.82 3.19 

Table 2 

Exper imental  values, de r i ved  from the  present work, f o r  t h e  heat of combustion 
of spent Green R ive r  o i l  sha le  a t  705OC, and comparison t o  values der ived  from 
bomb ca lo r ime t ry  (14) ; see t e x t .  

-AH- ( k J l g  of spent shale) 

o rgan ic  C Reference 14 
sample ( %  spent sha le )  t h i s  worka n / O  s i l i c a t e s  w s i l i c a t e s  

2 .25 1.96 0.34 f 0.05 0 2 2  0.59 

2.2F 2.56 0.79 f 0.14 0.36 0.75 

2 .OF 3.42 1'.15 f 0.06 0 .93 1.26 

1 .9F 5.37 2.26 f 0.06 z .ni 2 2 6  

1 .8F 6 .77 2.57 f n.11 2 .71 2.92 

1.7F ".I" 0 3 c  3 .3i t O.Oi  3 .51 3 -69 

1 .6F 8.56 3.77 f 0.06 3.86 4 .OO 

2 .EO 

2 .E9 

3 2 0  

4.89 

5.74 

7.04 

6.57 

aValues given f o r  each sample represent the  average peak-area enthalpy from the  oxygen 
drops minus t h a t  from t h e  n i t rogen  drops and then ad jus ted  t o  i nc lude  carbonate 
decomposition. according t o  Equation 5 i n  t he  t e x t .  
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Figure 1 

Assembly diagram of the high-temperature calorimeter (overall dimensions: 
h.80 cm; d - 65 cn). A: lnconel block; 8: temperature homogenizing shield; 
C: furnace s h e l l ;  0: Ceramic support blocks; E: cast re f ractory  insu lat ion;  
F :  side ua te r  j ac te t ;  G: grooves f o r  top and b o t t m  heater wires; H: t y p i -  
cal thermopile lead wlre; I :  centra l  *el l  f o r  prec is ion thermocouple; J: 
ceramic tube sample chamber; X: ceramic n o l ;  1: top water j ac te t .  

-41  I I I 8 8  f * 1 I 

0 1 2 3 4 5 6 7 8 9  

Organic Carbon 
(96 01 Spent Shale) 

Figure 2 

Experimental enthalpy va lves  detemined frw drops of spent Green River  shale 
i n t o  n i t rogen or oxygen a t  705°C. VI. the percent organic carbon on Spent 
shale. 

0 .  _ _ _  ni t rogen peak height 
e. - nitrogen peak area +. - - oxygen peak area 
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A NEW MODEL OF KEROGEN STRUCTURE 

BY 

C . J . R .  FOOKES and D.A. JOHNSON 

CSIRO Div i s ion  o f  Energy Chemistry.  Lucaa Heights Research Labora to r i e s ,  
P r i v a t e  Mail Bag 7 ,  Suthe r l and ,  NSW 2232, A u s t r a l i a .  

INTRODUCTION 

By f a r  t he  most prominent components of a t yp ica l  s h a l e  o i l  a r e  n-alkanes 
and n-alkenes,  which form a homologous s e r i e s  ex tend ing  t o  C30 or beyond. Since 
i t  i s  now c l e a r  t h a t  t hese  molecules a r e  r e a d i l y  converted i n t o  aromatics  and 
branched a l i p h a t i c s  under r e t o r t i n g  c o n d i t i o n s ( l ) ,  it i s  l i k e l y  t h a t  n-alkanes 
and n-alkenes a r e  t h e  major primary products  of kerogen p y r o l y s i s .  Knowledge of 
how they a r e  gene ra t ed  i s  thus  of c r u c i a l  importance t o  o i l  s h a l e  chemistry,  
p a r t i c u l a r l y  v i t h  r e s p e c t  t o  t h e  n a t u r e  of kerogen. 

Although t h e  l i t e r a t u r e  abounds with proposals  f o r  t h e  s t r u c t u r e  of 
kerogen, most a r e  based on the  r e s u l t s  o f  o x i d a t i v e  deg rada t ions (2 ) .  Although 
t h e s e  experiments  provide useful  information about  i nd iv idua l  s t r u c t u r a l  
fragments,  ve ry  l i t t l e  can be learned about t h e  way i n  which they a r e  l i nked ,  
s i n c e  v i r t u a l l y  a l l  func t iona l  groups a r e  converted i n t o  ca rboxy l i c  ac ids .  
Nevertheless ,  i t  is g e n e r a l l y  accepted t h a t  kerogen is composed of both 
a l i p h a t i c  and a r o m a t i c  s t r u c t u r e s ,  with t h e  most convincing evidence fo r  t he  
l a t t e r  coming from s o l i d - s t a t e  13C n u c l e a r  magnetic resonance (NMR) and i n f r a r e d  
s t u d i e s  of  i n t a c t  kerogens and s h a l e s .  

We have made t h e  assumption t h a t  t h e  aromatic  and a l i p h a t i c  moie t i e s  
a r e  a s s o c i a t e d ,  and t h a t  kerogen c o n s i s t s  mainly of n-alkyl chains  a t t ached  t o  a 
l a r g e l y  i n v o l a t i l e  aromatic  (or more l i k e l y  he t e roa romat i c )  nucleus.  On 
p y r o l y s i s ,  t h e  a l i p h a t i c  s i d e  cha ins  a r e  c leaved t o  form o i l ,  whereas most of 
t h e  hydrogen-deficient  nucleus forms coke. To t e s t  t h i s  hypothesis .  we have 
pyrolysed a range o f  appropr i a t e  model compounds, 1 - 5, and compared the 
products  and k i n e t i c s  of t h e i r  decomposition v i t h  d a t a  obtained from o i l  s h a l e s .  

EXPERIMENTAL 

Pyrolyses  were c a r r i e d  out i n  a qua r t z  flow tube enclosed i n  t h e  oven of a 
gas chromatograph. The compounds were t r a n s f e r r e d  i n  a s t ream of helium from an 
evaporat ion chamber h e l d  a t  a temperature  ( u s u a l l y  around 200.C) s u f f i c i e n t  t o  
g ive  a p a r t i a l  p r e s s u r e  of r e a c t a n t  of approximately 150 Pa. The products  were 
c o l l e c t e d  i n  U-tubes immersed i n  l i q u i d  n i t rogen  and analysed by NHR using a 
JEOL GX400 Spec t romete r .  For each compound, t h e  r e s idence  t i m e  was constant  
but t h e  r e a c t o r  t empera tu re  was va r i ed  to  give between 5 and 50% decomposition. 
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A c t i v a t i o n  ene rg ie s  were then  c a l c u l a t e d  from a p l o t  of l og  l c v .  1/T, where X i s  
t h e  f r a c t i o n  decomposed a t  temperature  T ( i n  K). Rate c o n s t a n t s  ( k )  were 
Ca lcu la t ed  from t h e  formula k t  = 2 n(1 -Y) .  So l id  s t a t e  13C spectroscopy 
was performed on a Bruker CXP300 instrument ,  u s ing  t h e  Dixon t o t a l  side-band 
suppres s ion  sequence(3) .  

RESULTS AND DISCUSSION 

Support fo r  t h e  presence of n-alkyl  cha ins  is gained from t h e  h igh  f i e l d  
s o l i d - s t a t e  1 3 C  NMR spectrum of a Condor carbonaceous kerogen (F igu re  1. upper 
t r a c e ) .  The lower t r a c e  is t h e  s o l u t i o n  spectrum of a carbonaceous s h a l e  o i l  
f o r  comparison. P a r t i c u l a r l y  noteworthy is the  correspondence of s i g n a l s  A and 
D between t h e  two s p e c t r a ,  wbich shows t h a t  long n-alkyl  cha ins ,  f r e e  a t  one ( o r  
each )  end,  a r e  p re sen t  i n  t h e  kerogen. 

Information about  t h e  si te of attachment of t h e s e  cha ins  was provided by 
13C NMR examination of t h e  alkene f r a c t i o n  i s o l a t e d  from a Condor o i l .  Although 
t h e  occurrence o f  I-enes i n  s h a l e  o i l s  is wel l  documented, t h e r e  i s  v e r y  l i t t l e  
information on t h e  d i s t r i b u t i o n  of o t h e r  double-bond isomers.  F igu re  2 shows 
t h a t  h igh  f i e l d  13C NHU is an e x c e l l e n t  method f o r  de t e rmin ing  t h i s  
d i s t r i b u t i o n ,  a t  least fo r  t h e  f i r s t  f i v e  o r  s i x  carbons along t h e  chain,  g i v i n g  
c i s / t r a n s  r a t i o s  aa we l l .  -- 

The q u a n t i t a t i v e  d a t a  from t h i s  spectrum were b e s t  i n t e r p r e t e d  as 
i n d i c a t i n g  t h a t  I-enes a r e  i n  f a c t  t h e  i n i t i a l l y - f o r m e d  o l e f i n s  and t h a t  t h e  
double bond then  mig ra t e s  a long t h e  chain.* Thus t h e  t e rmina l  carbon is t h e  
l i k e l y  s i t e  of t h e i r  o r i g i n a l  l i nkage  t o  t h e  kerogen. This  is c o n s i s t e n t  with 
t h e  widespread occur rence  i n  t h e  biosphere of long-chain f a t t y  a c i d s  and,  t o  a 
l e s s a r  e x t e n t ,  primary a l coho l s  and t h e i r  i s o l a t i o n  from t h e  h y d r o l y s i s  of 
kerogens(4) .  We have t h e r e f o r e  based t h e  fol lowing models on t h e s e  t w o  c l a s s e s  
of compounds and used t h e  benzene r i n g  a s  t h e  s imples t  aromatic  nucleus.  

Hexadecyl dodecanoate - 1. This  wax e s t e r  pyrolysed r e a d i l y  between 430 and 
460'C t o  g ive  almost e x c l u s i v e l y  1-hexadecene and dodecanoic ac id .  
S i g n i f i c a n t l y ,  ve ry  l i t t l e  n-undecane was formed. The r e a c t i o n  was shown t o  
be f i r s t  o rde r  by va ry ing  t h e  p a r t i a l  p r e s s u r e  of s u b s t r a t e  between 40 and 
600 Pa; except  a t  t h e  lowest  concen t r a t ion ,  no s i g n i f i c a n t  change i n  t h e  
f r a c t i o n a l  decomposition a t  450'C was  observed.  The c a l c u l a t e d  a c t i v a t i o n  
energy and r a t e  cons t an t  at  450'C a r e  g iven  i n  Table  1, t o g e t h e r  w i th  t h e  
corresponding parameters  f o r  t h e  e v o l u t i o n  of hydrocarbons by p y r o l y s i s  of 
s e v e r a l  o i l  s h a l e s .  As can  be seen,  n e i t h e r  t h e  k i n e t i c s  nor t h e  products  of 
t h i s  r e a c t i o n  correspond we l l  w i th  those  from o i l  s h a l e s .  

Octadecyl benzoate  - 2.  This  e s t e r  decomposed even more r e a d i l y  than  t h e  
p rev ious  compound, g i v i n g  I-octadecene and benzoic  ac id  as almost t h e  on ly  
products .  However, a small  amount of benzene was a l s o  formed, presumably from 
deca rboxy la t ion  of t h e  benzoic  ac id .  Thus, t h i s  compound cannot be cons ide red  a 
good kerogen model. 

Phenyl dodecsnoate  - 3. Phenol ic  e s t e r s  of f a t t y  a c i d s  have been implicated i n  
t h e  s t r u c t u r e  of humic subs t ances (9 )  such as those  de r ived  from l i g n i n s .  I t  was 
t h e r e f o r e  i n t e r e s t i n g  t o  d i scove r  t h a t  a l though phenyl dodecanoate pyrolysed 
r a t h e r  s lowly,  t h e  a c t i v a t i o n  energy f o r  i t s  decomposi t ion i s  similar t o  t h a t  

* dehydrogenation o f  a lkanes  is an  a d d i t i o n a l  pathway(l) ,  l ead ing  t o  a 
s i g n i f i c a n t  p ropor t ion  of o l e f i n s  wi th  a random d i s t r i b u t i o n  of double-bond 
p o s i t  i ons .  
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f o r  Nagoorin carbonaceous s h a l e ,  which con ta ins  l a r g e  q u a n t i t i e s  of l i g n i t i c  
m a t e r i a l s .  Furthermore,  t h e  major products  de r ived  from the  s i d e  chain were 
n-undecane and I-decene (F igu re  3) .  P y r o l y s i s  of pheno l i c  e s t e r s  of a n a t u r a l  
s e r i e s  of c a r b o x y l i c  a c i d s ,  where even numbered cha ins  predominate. should 
t h e r e f o r e  g e n e r a t e  n-alkanes with odd over  even p re fe rence  and 1-enes with a 
leas pronounced even  over odd p re fe rence .  This  is  o f t e n  observed i n  s h a l e  
o i l s .  

Phenyl oc t adecy l  e t h e r  - 4. The decomposition k i n e t i c s  o f  t h i s  compound were 
complicated.  Above about  4 6 0 ' C ,  t h e  r e a c t i o n  appeared to have an a c t i v a t i o n  
energy of less t h a n  200 k J  mol-1, whereas at  lower temperatures  t h e  va lue  
w a s  more than  500 k J  mol-1. Th i s  probably i n d i c a t e s  t h a t  t h e  i n i t i a l  
bond-cleavage i s  n o t  t h e  rate-determining s t e p  below 460'C. but  it may be above 
t h i s  t empera tu re .  The products  were even more complex; t h e i r  chromatogram is 
shown i n  F igu re  4. 

Note t h e  homologous series of n-alkanes dominated by heptadecane, and t h e  
more abundant series of 1-enes.  with 1-octadecene t h e  major compound. Phenol 
and. unexpectedly,  benzaldehyde a r e  t h e  major aromatic  products .  al though 
s t y r e n e  and v a r i o u s  alkylbenaenes i n c l u d i n g  n-heptadecylbenzene were a l s o  
i d e n t i f i e d .  In  a d d i t i o n ,  products  a r i s i n g  from t h e  random s c i s s i o n  of t he  s i d e  
chain o f  4 a r e  p r e s e n t  i n  s i g n i f i c a n t  amounts. 

Although t h e  p roduc t s  and r a t e  o f  decomposition of t h i s  compound correspond 
we l l  t o  t h o s e  of o i l  s h a l e s ,  t h e  complicated a c t i v a t i o n  energy precludes a 
d e c i s i o n  about  i t s  v a l i d i t y  as a kerogen model. 

Decylbenzene - 5. T h i s  compound, which r e p r e s e n t s  t he  s imples t  l i nkage  of an 
a l k y l  cha in  to  a n  a romat i c  r i n g ,  pyrolysed extremely s lowly,  although i t s  
a c t i v a t i o n  energy was v i r t u a l l y  i d e n t i c a l  to those r epor t ed  f o r  t h e  
decomposi t ion of t y p i c a l  o i l  s h a l e s .  The major products  were s t y r e n e ,  t o luene ,  
e thylbenzene and 1-nonene; on ly  very small amounts of n-alkanes were de t ec t ed .  
A s  with t h e  p rev ious  compound, t h e r e  was a l s o  cleavage of carbon-carbon bonds 
a long  t h e  s i d e  cha in .  

CONCLUSIONS 

Of t h e  f i v e  compounds pyrolysed i n  t h i s  s tudy.  only phenyl dodecanoate can 
be considered as a good model o f  kerogen s t r u c t u r e ,  bu t  on ly  fo r  t h e  
carbonaceous s h a l e s .  None of t he  o t h e r  compounds, with t h e  poss ib l e  except ion 
o f  phenyl oc t adecy l  e t h e r ,  adequa te ly  mimicked e i t h e r  t h e  high or low a c t i v a t i o n  
energy p rocesses  of o i l  s h a l e  py ro lyses .  

The n a t u r e  of t h e  h i g h e r  a c t i v a t i o n  energy process  is r a t h e r  i n t r i g u i n g .  
The f a c t  t h a t  roughly equa l  q u a n t i t i e s  of n-alkanes and a lkenes  are generated by 
the  r ap id  p y r o l y s i s  of s h a l e s  and kerogens sugges t s  t h a t  t h e  two c l a s s e s  of 
compounds have a c o m o n  o r i g i n ;  indeed k i n e t i c  data(7.8)  i n d i c a t e  t h a t  a s i n g l e  
r a t e -de te rmin ing  p rocess  is involved i n  t h e  formation of t h e  bulk of t he  o i l .  
We be l i eve  t h a t  t h i s  process  involves  the  gene ra t ion  of primary n-alkyl  r a d i c a l s  
which would then  d i s p r o p o r t i o n a t e  t o  g i v e  equal  q u a n t i t i e s  o f  n-alkanes and 
1-alkenes.  C e r t a i n l y ,  o t h e r  have provided evidence fo r  t h e  involvement of 
r a d i c a l s  i n  kerogen p y r o l y s i s ( l 0 ) .  However, t he  r e a c t i o n  which produces t h e s e  
r a d i c a l s  has  y e t  to be e l u c i d a t e d .  
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TABLE 1 

THE DECOMPOSITION OF MODEL COMPOUNDS AND GENERATION 
OF O I L  FROM SHALES 

ACTIVATION ENERGIES A N T X ~ T C O N S T A N T S  AT 450.c FOR 

Substance 

Hexadecyl dodecsnoate  

Octsdecyl benzoate  

Phenyl dodecanoate 

Phenyl oc t adecy l  e t h e r  

Decylbenzene 

Green River  s h a l e  ( 5 )  

Rundle s h a l e  

Rundle kerogen 

Condor s h a l e  ( 7 )  

Nagoorin carbonaceous s h a l e  (8) 

Act iva t ion  Energy 
k J  mol-l (f 1 a) 

172 f 2 

163 2 

147 7 

s e e  t e x t  

222 f 5 

219 

232 

152 

335 

Rate Constant 
(450'C) s-1 

1 .78  x 10-2 

2 .21  x 10-2 

4 . 2 6  10-3 

4 . 4 5  10-5 

3 . 9 5  10-3 

1 . 6 0  x 10-3 

5.8 x 10-3 ( 6 )  

7 .7  x 10-3 ( 6 )  

1 . 7 3  10-3 

5 .22  x 10-3 



PPIl 

180 160 140 120 100 Bo 60 40 20 

FIGURE 1: (Upper t r a c e )  75 IdHz C P W  l3C NKR s ectrum of a Condor 
carbonaceous kerogen. (Lower t r a c e )  s o l u t i o n  spectrum Of a 
carbonaceous s h a l e  oil showing s i g n a l s  due t o  A, t e rmina l  methyls 
(C-1); B. C-2; C, C-3; and D, C-4+ of n-a lkyl  c h a i n s ,  and E. 
a romat i c  methyls .  Most of the  sharp  l i n e s  i n  t h e  aromatic 

'(110-160 ppm) a r e  from phenols.  

21 *+I 

region 

1 

FIGURE 2: O l e f i n i c  r eg ion  of 100 Wz 1% NKR spectrum of the  alkene 
f r a c t i o n  from Condor a h a l e  oil. The l a b e l  2 t  ( for  example) r e f e r s  

to s i g n a l s  from s t r a i g h t  cha in  rrans-Z-ene.9. 
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FIGURE 3: Reconstructed i o n  chromatogram o f  products  from t h e  
decomposit ion of phenyl dodecanoate:  = n-a lkanes ,  

o I - a l k e n e s .  

- FIGURE 4: Becons truc ted  i o n  chromatogram of products from t h e  
decomposit ion of phenyl o c t a d e c y l  e t h e r ;  + * G ~ H s O ( C H ~ ) ~ C H ~ C H ~ .  
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ABSTRACT 

Inorganic  (m ine ra l )  N has been found i n  both raw and r e t o r t e d  Green R ive r  
Formation o i l  shale. 
i d e n t i f i e d  i n  some shales b y  X-ray d i f f r a c t i o n ,  and amnonium i o n  (NH4) has 
been found i n  t h e  same and o t h e r  shales by i n f r a r e d  adsorption. Measurement o f  
t o t a l  N content  of low-temperature ashed o i l  shale by a combustion technique i s  
proposed as a method o f  measuring inorganic-N content. 
observation t h a t  t h e  N content  o f  buddingtoni te  i s  n o t  reduced by low temperature 
ashing. Use o f  t h i s  technique demonstrates t h a t  inorganic  N content  i s  va r iab le  
and i s  t h e  major source o f  n i t r o g e n  i n  some o i l  shale samples. The f a t e  of both 
organic and inorganic  N du r ing  p y r o l y s i s  i s  a l so  discussed. 

INTRODUCTION 

Buddingtonite, an ammonium-bearing fe ldspar ,  h$S been 

The method i s  based on t h e  

Wi th in  t h e  Uni ted States a re  l a r g e  and r i c h  deposi ts  o f  o i l  shale. Formost of 
these i s  t h e  o i l  sha le  o f  t h e  Green R ive r  Formation o f  Colorado and Utah. This 
shale conta ins approximately 0.5 w t %  N, b u t  t h e  concen t ra t i on  i s  var iab le,  ranging 
from 0.2% t o  as much as 1%. Py ro l ys i s  o f  o i l  shale produces ammonia which needs t o  
be removed f rom t h e  r e t o r t  water before r e c y c l i n g  o r  d isposal  (1) .  N i n  shale 011 
must be reduced t o  produce s tab le,  non -po l l u t i ng  t r a n s p o r t a t i o n  fue l s ,  and removal 
o f  N requ i res  spec ia l  c a t a l y s t s  and consumes H i nc reas ing  t h e  c o s t  o f  r e f i n i n g  
( 2 ) .  N i t r i c  ox ide (NO) i s  produced when r e t o r t e d  shale i s  burned as a f u e l  ( 3 , 4 ) .  

The r a t i o  o f  N t o  organic  C both i n  samples o f  Green R ive r  o i l  shale and i n  
kerogen i s o l a t e d  from t h e  same samples has been measured bu t  on l y  a s l i g h t l y  
h i  her  r a t i o  i n  whole shale than i n  kerogen, was found suggesting t h a t  most o f  t he  
N 990%) i s  organic  (5,6). T h i s  i s  q u a l i t a t i v e l y  cons is ten t  with t h e  observat ion 
by most workers t h a t  N content  o f  o i l  shale increases w i t h  an increase i n  grade 
o r  organic C content  (6-9). However, c o r r e l a t i o n  o f  organic  C w i t h  N does n o t  
prove t h a t  N i s  organic ;  N may have o r i g i n a t e d  i n  organic debris, bu t  has been 
t ransferred t o  t h e  inorganic  ma t r i x  du r ing  diagenesis. 
publ ished da ta  on N con ten t  as a f u n c t i o n  o r  organic C content  show a non-zero 
i n te rcep t  (7-9), suggesting shale conta ins some N even i n  t h e  absence @f organic c .  

Recently, Cooper and Evans (10) u t i l i z e d  HF-HCl d i g e s t i o n  i n  t h e  determinat ion 
Of inorganic N and concluded, i n  c o n f l i c t  w i t h  p r e v a i l i n g  opinions, t h a t  most N 
i n  both raw and r e t o r t e d  shale was inbrganic  i n  form. Later ,  Nadkarni (11) showed 
t h a t  t he  measured " t o t a l "  N content  f o r  some shales depended on t h e  technique 
used. For a sample of Colorado shale, t h e  K je ldah l  method measured a N 
concentrat ion o f  0.45*0.05% w h i l e  combustion (Dumas) methods gave a value o f  
0.74*0.16%. These two papers cas t  doubt about t h e  da ta  on which t h e  prev ious 
conc~us ions  have been based. 

Most of t h e  N i n  t h e  Condor o i l  shale depos i t  o f  A u s t r a l i a  i s  inorganic .  
i s  found as an ammonium s i l i c a t e  o f  t he  fe ldspar  f a m i l y  c a l l e d  buddingtonite, and 
t h e  concentrat ion o f  t h i s  minera l  i n  t h e  Condor shale i s  approximately 10 w t %  (12). 

F i n a l l y ,  some of t h e  

It 
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The purpose of this report is to put proper perspective on the occurrence and 
abundance of inorganic N in Green River oil shale. 
EXPERIMENTAL S ECT ION 

All samples used in this investigation were ground to a talc-like consistency 
in a rotating concentric disk and ring (Bleuler) mill before analysis. 
experience indicates that essentially all material prepared by this procedure 
passes a 325 mesh sieve and most was >10~ in diameter. 
treated with 1 M HC1 overnight to remove carbonate minerals. 

Some samples were low-temperature ashed in an oxygen plasma (LEF Corp. 
LTA-504) to remove organic matter. The oxygen pressure was maintained a 1 torr, 
and the total power in each of the four chambers was 250 watts. 

Carbon, H and N content were measured at LLNL by either a Perkin-Elmer Model 
240 or Leco model CHN-600 elemental analyzer. The samples size for the 
Perkin-Elmer instrument was 2-4 mg, and the sample size for the Leco instrument 
was 100 mg. To ensure good precision 3 to 4 replicates were measured for each 
reported value. Organic C was determined by the difference between total C and 
that evolved by 1 M HC1 and collected on ascarite. Although the reproducibility 
among determinations of N concentration of a given sample at a given time was 
generally tO.02 wt% N, the agreement among groups of N analyses for the same 
shale over a period of several years was not as good. The reasons for this are 
not clear. Because of this problem some samples were sent to J&A Associates, 
Golden, Colorado, for measurement of total N by means of an Antek 
Chemiluminescence Analyzer Model 707. 

spectrum in the transmission mode. 
KBr and pressed into a pellet. 

Early patterns were recorded on strip-chart recorders, but recent patterns were 
recorded and processed by computer. 

A sample of buddingtonite, identified as California 117751-6, was acquired 
from the Smithsonian Institution (13). The N content was measured at 1.69% at 
LLNL and 2.78% at J&A Associates. 

Past 

Some samples were 

A Digilab Model FTS-20c infrared spectrometer was used to measure the infrared 
Each sample was diluted to approximately 2% in 

A Phillips Diffractometer was used to determine the x-ray powder patterns. 

A description of the oil shale samples used is given in Table 1. Most of them 
have been used in other investigations at LLNL or other laboratories. 
chemical analyses are values averaged from at least 3 samples from the same batch 
of shale determined at different times. 

RESULTS 

Identification of buddingtonite in oil shale by x-ray diffraction 

at LLNL in 1976 as part o f  a routine x-ray analysis of raw shale to be used in the 
L-1 retorting experiment (15). 
retorted shale (sample RI 8008-76) in an unpublished 1978 investigation on the 
analysis of dawsonite in oil shale. 

Table 2 compares d-spacings for 10 strongest x-ray diffraction peaks o f  
buddingtonite, based on the ASTM standard #17-517, to those from our measurements 
of the Smithsonian Institution (SI) sample of buddingtonite. Peaks apparently due 
t o  buddingtonite in two Colorado oil shale samples and one sample of buddingtonite 

The 

Buddingtonite was first discovered in oil shale (sample L-1 9A/5) by G. Smith 

Buddingtonite was also identified in raw and 
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Table 1 
Green River  O i l  Shale Samples 

# I.D. Locat ion  O i l  Chemical Composition, W t l  %Inorg.  
Y i e l d  
(gp t )  ac id  org. N(a) 

C C %  C H S N 

1 Ca37 T rac t  Ca 34.3 21-90 15.98 17.5 2.38 -- 0.61 
2 Ca25 T rac t  Ca 24.8 16.57 19.67 11.2 1.68 1.1 0.54 

3 AP60 Anv i l  Po in ts  61.0 30.38 12.32 27.0 3.55 0.84 0.95 

4 AP31 Anv i l  Po in ts  30.6 19.63 20.55 14.0 1.84 -- 0.43 

5 AP24 Anv i l  Po in ts  22.4 15.60 17.48 10.8 1.62 0.63 0.41 
6 AP8 A n v i l  Po in ts  8.1 9.95 21.44 4.1 0.57 0.23 0.12 

7 RI8008-76 Co.Core #3(b) 22.0 12.56 12.32 9.2 1.71 1.35 1.16 
8 USNOSR-638 Naval Reserve-1 1.9 4.65 11.40 1.5 0.46 0.87 0.54 

9 L- l (9A/5) Anv i l  Po in ts  25.0 15.64 17.12 11.0 1.56 0.69 0.47 

11 HD25 Horse Draw, C0!')25.0 19.20 29.50 11.1 2.02 0.60 0.45 

a) F rac t i on  o f  inorg.  N = (see discussion) 

b )  Northern Piceance Creek Basin a t  -t, 23Gm. dawsonite r i c h .  

c )  M u l t i  Minera l  Corp., 649m, nahco l i t e  r i c h .  

l o  GK5 Geokinetics,Ut. 4.7 6.53 15.20 2.4 0.51 -- 0.20 

Table 2 
I d e n t i f i c a t i o n  of  t h e  10 s t rongest  d i f f r a c t i o n  

1 ines of budd ing ton i te  i n  standards and o i l  shale samples. 

21 
43 

22 
10 

27 
13 

78 
92 
35 
67 
32 

1/10 h k l  d(A) 

ASTM S I  R18008 USN0:R CONDOR(a) 
17-51 7 No76 638 

100 130 3.81 3.82 3.71 3.79 3.82 
95 010 6.52 6.52 6.52 6.52 6.52 
70 220 3.38 3.35(b) 3.35(b) 3.34(b) 3.386 

65 101 4.33 4.50(b) 4.50(b) 4.48(b) 4.33 
60 040 3.26 3.24 3.24 3.29 3.260 

202 3.25 3.24 3.24 3.23 3.2226 7n 
I U  

. . ~  . .- 
40 140 3.01 3.02 3.02 3.00 3.013 
35 01 1 5.91 5.92 5.92 5.90 5.92 
35 21 1 3.98 3.98 3.95 3.96 3.98 
35 002 3.31 3.35(b) 3.35(b) 3.34(b) 3.320 

(a)Ref.  (12). 

(b)Spacings probably i n f l uenced  by con t r i bu t i ons  f rom st rong quar tz  peaks a t  
d=3.47 and 4.25A. 
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separated f rom Aus t ra l i an  (Condor) shale a re  a l so  compared i n  Table 2. 
sample conta ins a l a r g e  percentage o f  quartz, and t h e  Green River  O i l  Shale 
samples con ta in  l a r g e  f r a c t i o n  o f  quartz, dolomite, and some dawsonite. 

Our f i r s t  evidence t h a t  buddingtoni te  i s  thermal ly  s tab le  came from i t s  
i d e n t i f i c a t i o n  sample R I  8008-76 t h a t  had been heated t o  about 500°C i n  a covered 
c r u c i b l e  f o r  one hour. 
t h i s  treatment roughly  approximated F ischer  Assay heating. F igure 1 compares t h e  
d i f f r a c t i o n  pa t te rns  o f  t h e  raw and heated o i l  shale. 
t h e  same. 
sample was heated above 35OOC. We have a l so  found t h a t  buddingtoni te  re leases 
n i t r i c  ox ide (NO) du r ing  o x i d a t i o n  a f t e r  be ing heated t o  500'C i n  an i n e r t  gas 
(4 ) .  
3 t o  10 min. which i nd i ca tes  t h a t  t h e  r a t e  o f  ammonium re lease a t  5OO0C i s  slow. 
These observations are consis tent  w i t h  (12) who found t h e  x-ray d i f f r a c t i o n  
pa t te rns  o f  buddingtoni te  does no t  change below 500'C. They found, i n  addi t ion,  
t h a t  annnonium i s  l o s t  by heat ing t o  65OoC, t h a t  remnants o f  t he  fe ldspar  s t r u c t u r e  
remains even upon heat ing t o  75OOC and t h a t  buddingtoni te  was n o t  reformed by 
hea t ing  i n  a NH40H s o l u t i o n  a t  180OC. 

Ammonium i o n  i d e n t i f i c a t i o n  i n  o i l  shale by i n f r a r e d  spectroscopy 

f rom o the r  s i l i c a t e s .  The I R  spectrum o f  our SI re ference sample o Buddingtonite 
(13) i s  shown i n  F igu re  2. The l a r g e  adsorpt ion i n  the  900-1390 cm- reg ion  i s  
c h a r a c t e r i s t i c  o f  t h e  Si -0  s t re tch.  
t o  hydrocarbons as w e l l  a s i l i c a t e s .  The ammonium i o n  has another adsorpt ion 

making i t  less  c h a r a c t e r i s t i c .  

modes and a l so  f rom a bending mode i n  t h e  carbonate ion.  
amnonium i o n  d e f i n i t i v e l y ,  i t  i s  necessary t o  remove organic ma te r ia l  and 
carbonate minerals. 
carbonate minera ls  removed by ac id  leaching. One would no t  o r d i n a r i l y  susp c t  t h e  
presence o f  ammonium i o n  because o f  t h e  CH bending mode a t  1350 t o  1410 cm- . 
However, when organic ma te r ia l  i s  removed by low-temperature ashing (us ing 
procedures described i n  d e t a i l  i n  t h e  nex t  sect ion) ,  t h e  ammonium-ion band emerges 
c l e a r l y ,  although n o t  t o  t h e  same r e l a t i v e  i n t e n s i t y  as i n  the  spectrum o f  t h e  SI 
buddingtoni te  o r  i n  t h e  spectrum o f  budd ing ton i te  repor ted by Loughnan and Roberts 

The SI 

L i t t l e  o f  t h e  carbon res idue had been ox id ized,  so t h a t  

The buddingtoni te  peaks are 
I n  con t ras t ,  t h e  dawsonite peaks a re  missing, conf i rming t h a t  t h e  

The amount o f  NO was n o t  e f f e c t e d  by du ra t i on  o f  preheat ing w i t h i n  t h e  range 

Buddingtoni te  has a c h a r a c t e r i s t i c  band a t  1430 cm-1 which d i s t i ngu ishes  i t  
f : .  . 

Bands i n  t h e  600-800 cm- reg ion  can be due 

band i n  t h e  3000-3500 cm- 7 region, bu t  i t  i s  s t r o n g l y  overlapped by water bands, 

I n  Green R ive r  o i l  shale, t h e  1430 cm-1 band i s  overlapped by CH bending 
Thus, t o  i o e n t i f y  t h e  

F igure 3 shows an I R  spectrum o f  sample AP24 t h a t  has had 

5 

(12). 

F igu re  4 shows I R  spect ra o f  samples AP8 and AP60 a f t e r  HC1 leaching and 
low-temperature ashing. 
none, which agrees w i t h  d a t a  on n i t rogen  content  discussed i n  t h e  n e x t  sect ion.  

I s o l a t i o n  o f  inorganic  N by low-temperature ashin9 

The occurrence o f  inorganic  N i n  Green River  o i l  shale i s  c l e a r  based on x-ray 
and i n f r a r e d  evidence presented thus f a r ,  b u t  a q u a n t i t a t i v e  method o f  ana lys i s  
f o r  inorganic  N i s  needed. While both x-ray d i f f r a c t i o n  and i n f r a r e d  spectroscopy 
have been used f o r  q u a n t i t a t i v e  minera l  analys is ,  a l l  o f  t h e  inorganic  forms o f  N 
have no t  necessa r i l y  been i d e n t i f i e d .  I n  t h i s  sect ion,  a low-temperature ashing 
technique i s  developed f o r  determinat ion o f  inorganic  N. 

p a r t i c l e  size, samp le -s t i r r i ng  frequency and plasma a c t i v i t y .  
us ing 1 t o r r  o f  02 and a power o f  250 wat ts  removed o i l  shale organic mat ter ,  

Sample AP8 shows l i t t l e  adsorpt ion and sample AP60 shows 

The most impor tant  va r iab les  i n  low-temperature ashing o f  o i l  shale are time, 
We have found t h a t  
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The r o l e  o f  p a r t i c l e  s i z e  on t h e  ef fect iveness o f  low-temperature ashing i s  
shown i n  F igure 5. 
ashing. The weight  l o s s  o f  t h e  f i n e r  sample was 13.2%, which i s  about equal t o  
t h e  weight loss upon F ischer  assay (12.84%) b u t  t h e  coarser sample l o s t  on l y  
9.3%. The t ime  necessary t o  come t o  constant weight was c u t  i n  h a l f  i f  carbonates 
were removed w i t h  HC1 be fo re  ashing. 

Anv i l  Points  shale, sample L-1 (9A/5), i s  shown i n  F igu re  6. 
organic C could be  ox id i zed  wi thout  a l so  o x i d i z i n g  organic H and N, so res idua l  
content o f  H and N i s  probably  due t o  minera l  forms. 

Since buddingtoni te  i s  t h e  o n l y  s p e c i f i c  N-bearing minera l  t h a t  has been 
i d e n t i f i e d  i n  o i l  shale, we used i t  t o  t e s t  whether o r  n o t  low-temperature ashing 
a f f e c t s  minera l  N content. 
o f  SI buddingtoni te  be fo re  and a f t e r  be ing ashed f o r  35 hours (sample #12). The 
measured value o f  N content  depended on t h e  t ype  o f  ana lys i s  be ing used, b u t  t he  
f r a c t i o n  of N remaining was over 90% b y  e i t h e r  a n a l y t i c a l  technique. 
w i th  the  q u a l i t a t i v e  observat ion i n  t h e  prev ious sec t i on  t h a t  ammonium-ion, as 
detected i n  t h e  i n f r a r e d  spectrum, i s  n o t  a f fec ted  by ashing. 

Table 3 a l so  l i s t s  N content  f o r  a v a r i e t y  o f  raw and r e t o r t e d  o i l  shales 
before and a f t e r  low-temperature ashing. The r e t o r t e d  samples were prepared by a 
modi f ied F ischer  Assay technique (16). The f r a c t i o n  o f  N removed by ashing ranges 
from near l y  none t o  a l l .  As discussed i n  more d e t a i l  i n  t h e  nex t  section, t h i s  
imp l i es  t h a t  t h e  r e l a t i v e  organic and inorganic  N contents  o f  Colorado o i l  shale 
a re  h igh l y  var iab le.  Ac id  leaching o f  raw o r  r e t o r t e d  shale does n o t  seem t o  make 
a systematic change i n  t h e  f r a c t i o n  o f  N remaining a f t e r  ashing, and the  v a r i a t i o n  
i s  probably a r e f l e c t i o n  o f  unce r ta in t y  i n  N concentrat ion measurements. 

Both samples came t o  constant  weight w i t h i n  35 hours o f  

The r e l a t i v e  l o s s  o f  organic  C, H, and N du r ing  low-temperature ashing o f  
It i s  u n l i k e l y  t h a t  

Table 3 g ives t o t a l  N content  f o r  a f ine-ground sample 

This  agrees 

DISCUSSION 

One would t h i n k  t h a t  a determinat ion o f  t h e  r e l a t i v e  amounts o f  organic and 
inorganic  N could be made by comparing N i n  whole shale t o  t h a t  i n  organic 
concentrates. Three workers have repor ted composit ion o f  raw shale and a l so  t h e  
composit ion o f  t h e  organic  concentrates from t h e  same shales from which t h e  
f r a c t i o n a l  recovery o f  N can be ca l cu la ted  (5-7) .  Th i s  i s  summarized i n  Table 4 
a long with a shale sample analyzed a t  LLNL. 
sha le  i s  recovered i n  organic  concentrate. Th is  evidence has caused most workers 
t o  assume t h a t  t h e  inorganic  N content o f  o i l  shale i s  minor. 
elemental analys is  o f  t h e  organic ma te r ia l  i s o l a t e d  f rom sample AP60 by Kirkman 
Bey and Campbell a t  LLNL ind i ca ted  t h a t  a l l  o f  t h e  n i t r o g e n  i n  t h a t  sample i s  
organic. 

conciuae t n a t  t h e r e  i s  l i t t l e  inorganic  N i n  Green R ive r  o i l  shale. 
r e p l i c a t e  r e s u l t s  f rom severa l  independent laborator ies,  (11)  found t h a t  t h e  
K je ldah l  technique (d iges t i on  o f  t h e  sample i n  h o t  concentrated s u l f u r i c  ac id )  
g i v e s  sys temat i ca l l y  lower N values f o r  Colorado o i l  shale than t h e  Dumas 
(combustion) method. Th is  i s  cons i s ten t  with t h e  need f o r  HF d i g e s t i o n  f o r  t h e  
determinat ion of f i x e d  o r  "nonexchangeable" amnonium i n  s o i l  and rock  samples 
(17). If on ly  organic  N i s  detected by normal K je ldah l  analys is .  i t  would be 
l o g i c a l  f o r  most Of i t  t o  be recovered i n  t h e  organic concentrates even i f  greater  
q u a n t i t i e s  of inorganic  N were present. Moreover, t h e  r i c h  o i l  shale used a t  LLNL 
i s  un iquely  low i n  organic  N. 

o r  r e t o r t e d  shale i s  t o  p l o t  t o t a l  N content  verses organic C content. If t h e  
concen t ra t i on  Of inorganic  N i s  independent o f  organic  C content  and organic 

Approximately a l l  o f  t h e  N i n  raw 

I n  addi t ion,  

However, t h e  r e s u l t s  o f  (11) suggest t h a t  i s  not. sa fe  t c  gse these r e s t i l t s  t o  
Using 

A second way t o  est imate t h e  r e l a t i v e  abundance o f  inorganic  N i n  e i t h e r  raw 
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Sample # 

1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
5 
6 
7 
8 
8 
9 

10 
10 
11 
11 
12 
12 

Table 3 

Ashed Samples On a Raw Shale Basis 
Wt%N i n  Raw, Retorted, and Low Temperature 

Mater i  a1 W t %  N 

Raw Retorted LTA(a) 

Ca37 0.72 -_ 0.17 
Ca37 0.72 0.35 0.15 
Ca25 0.58 _-  0.25(b) 
Ca25 0.47 - -  0.31 
Ca25 0.58 0.43 0.33(b) 
Ca25 0.47 0.49 0.20(b) 
AP60 0.87 -- 0.01 (b) 
AP60 0.98 -_ 0.09 ( b )  
AP60 0.87 0.28 o.o2(b) 
AP60 0.98 0.45 0.06(b) 

L- 1 9A/ 5 0.47 
GK5 0.32 
GK5 0.32 

AP31 0.47 - -  0.11 
AP31 0.47 0.27 0.11 
AP24 0.39 -_  
AP 8 0.09 --  
RI8008-76 1.13 -- 
USNOSR-638 0.55 -- 
USNOSR-638 0.49 -- -- 

-- 
0.22 

0.26 
-- 
-_  
-- 

0.14 
0.02 
0.72( b, 
0.56(b) 
0.43 ( b, 
0.28(b) 

::::(b) 
0.21 
0.25 
1.80(b) 
2.58(b) 

HD25 0.52 
HD25 0.52 
Buddingtoni te  1.69 
Buddingtoni te  2.78 

% o f  Raw 
Shale N Remaining 
A f t e r  LTA ( t10%) 

24 
21 

66 

42 

9 
2 (b)  
6 

23 
23 
36 
2 2  
64 

88 
59 
56 
59 
56 

107 

43(c) 

57(c) 

1 (c )  

102(c) 

48 

93(c) 

( a )  LTA o f  r e t o r t e d  shale i f  preceeded i n  t a b l e  by r e t o r t e d  shale data, o therwise 
t h e  LTA was done on raw shale. 

I1 c Chemical Analys is  by J and A Associates, Inc. Golden, CO 
b Ac id leached ( H a )  t o  accelerate ashing 

Table 4 
Comparison o f  N/org.C mole r a t i o s  f o r  r a w  shale and organic  

concentrates f rom the  same shales 

N/Org.C Mole R a t i o  Recovered Reference 

Raw Shale Org. Concentrate %N 

0.029 (a )  0.032 110% 
0.027 ( b )  0.025 9 3% 
0.033 (c )  0.029 88% 
0.029 (d )  0.016 8 9% 
0.032 (e )  0.033 103% 

( a )  Average o f  9 samples, mineable beds, mahogany ledge (Anv i l  Po in ts ) .  
Ten samples f rom the  mahogany zone, 25 gpt.  it] One sample, mahogany zone. 

(d )  One sample "papery" shale. 
( e )  One sample AP60, work done a t  LLNL. 
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Table 5 
Nitrogen-organic carbon correlation 

Data f i t  t o  expression: Wt%N=a+b(Wt% org. carbon) 
W t %  N=total nitrogen content of sample 
a=Wt% inorg. nitrogen 
b=Wt r a t i o  org. nitrogen/org. carbon 

Raw Shale 
b Samples Sample Type and Location Reference 

0.0275 260 2 core holes, USNOSR ( 8 )  
0.0286 66 Colorado and U t a h  ( 9 )  
0.0320 40 1 core Utah, Geokinetics L L N L  Analyses 
0.0249 6 1 sample s p l i t ,  Colony (Ca)  (18) 

0.015 6 Selected samples, Anvil Points ( 7 )  
0.0318 58 Core KEP No 5, Kentucky (18) 
0.031 34 T16 Core, Kentucky (19) 

0.0307 9 Mineable beds, Anvil Points (17) 

a 

0.225 
0.096 

-0.020 
0.10 
0.036 
0.252 
0.046 
0.012 

0.042 
-0.009 
0.045 

Retorted Shale 

0.0665 66 Colorado and Utah 
0.069 9 "mineable" beds 
0.035 18 from NTU Retort(a PP 

( a )  Some samples only par t ly  retorted,  some samples oxidized. 

material has a constant N/C r a t io ,  the slope of t h e  plot  gives the  r a t io  o f  
organic N t o  organic C ,  and the intercept gives the concentration of inorganic N .  
The observation tha t  N content of o i l  i s  independent of grade ( 9 )  supports our 
assumption of constant kerogen composition. 
analysis of several s e t s  of data in the l i t e r a tu re  are given in Table 5, including 
da ta  from t w o  Kentucky o i l  shale cores, and some data fo r  retorted shales. 

A positive intercept i s  found fo r  each s e t  of samples except f o r  those from 
the  Geokinetics core from Utah which has a negative intercept of -0.020. 
organic N t o  organic C w t  r a t i o  f o r  Green River o i l  shales i s  0.0276 which i s  a 
value c a l c u l a t e d  from the  slopes in Table 4 weighted in proportion t o  the number 
of samples. 

11 shale samples i s  given in  Fig. 7. Although a trend i s  c lea r  considerable 
differences stand out f o r  some samples. 

the  data of Giauque e t  a l .  (8) i s  0.79. We fee l  t h a t  the observed random 
variation in  N content (above a minimum value) f o r  a given organic C content i s  
due mostly t o  a variation in the inorganic N content. 

shown tha t  buddingtonite i s  re la t ive ly  s tab le  in the absence of a i r  a t  
temperatures u p  t o  5OO0C and tha t  inorganic N i s  n o t  generally lo s t  during 
retorting of shales, b u t  the uncertainty i s  large d u e  in par t  t o  the lack of 
accuracy in measuring N content in samples with low N concentrations. 

The r e su l t s  o f  l inear regression 

The 

The value of t h i s  r a t i o  f o r  retorted shale i s  0.064. 

A comparison of the f rac t ion  o f  inorganic N determined by the  two methods fo r  

The correlation coef f ic ien t  f o r  the l inear regression analysis of N/org. C f o r  

With respect t o  t h e  f a t e s  of organic and inorganic N during pyrolysis, we have 
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CONCLUSIONS 

On t h e  average, approximately h a l f  of t h e  N i n  t h e  Green River  Formation i s  
inorganic, b u t  t he  d i s t r i b u t i o n  i s  n o t  uniform. 
remain i n  t h e  shale a f t e r  r ,e tor t ing.  
been i d e n t i f i e d  by means o f  x-ray d i f f r a c t i o n  i n  some o i l  shale samples. 
i ons  have been i d e n t i f i e d  i n  t h e  same and o the r  samples by means o f  i n f ra red  
adsorption. 
been found t o  remove organic  N, but  n o t  inorganic  N i n  buddingtonite. Measurement 
o f  t o t a l  N a f t e r  low-temperature ashing i s  proposed as a way o f  determining 
inorganic  N content. 
i s  samples w i t h  l i t t l e  N t h e  method i s  q u a l i t a t i v e .  A second method fo,: t he  
es t ima t ion  o f  t h e  inorganic  N content  o f  shale i s  based on t h e  assumption t h a t  t h e  
org. N/org.C r a t i o  i s  constant. A t  present  it i s  no t  c l e a r  i f  one est imate i s  
b e t t e r  t h a t  t h e  other .  

I n  view o f  t h e  present  r e s u l t s ,  t h e  s to i ch iomet ry  o f  r e t o r t i n g  must be 
revised. 
l e s s  N than p rev ious l y  thought. The CH&N composit ion o f  organic ma te r ia l  in raw 
shale should be represented by the formula C H I  0 No 0 . The chemical 
composit ion o f  organic m a t e r i a l  i n  r e t o r t e d  s h d e  sh6u?$ be represented by t h e  

Inorganic  N i n  raw sha le  tends t o  

Ammonium 
Buddingtonite. an ammonium fe ldspar ,  has 

Low-temperature ashing o f  o i l  shale by means o f  an oxygen plasma has 

Due i n  p a r t  t o  t h e  d i f f i c u l t y  o f  measuring N concen t ra t i on  

Organic m a t e r i a l  i n  raw shale and i n  t h e  char i n  r e t o r t e d  shale conta ins 

c b . 4 2  b . 0 6 -  
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16 18 20 22 24 26 28 30 
28 ( O )  -+ 

Figure 1. X-ray di f fract ion pattern of raw and retorted o i l  shale sample R I  
8008-76 i n  which buddingtonite i s  found. Retorting does not 
e l iminate the l ines due t o  buddingtonite. The large peak on the 
l e f t  side of the ran-shale pattern i s  due to dawsonlte. This 
mineral i s  decwosed during retort ing.  
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Figure 2. I n f ra red  adsorpt ion o f  buddingtoni te showing t h e  1430 cm'l peak due 
t o  amonium ions. Sample frm t h e  Smithsonian I n s t i t u t e  (SI). 
White (13).  

L O W I ~ P  ashed 

1500 1300 1100 900- 700 

F igu re  3 .  Change o f  i n f r a r e d  adsorpt ion AP(24) shale. Lover curve a c i d  leached 
shale and upper curve a c i d  leached and low- tmp  ashed. 

30 t \\ I/ 1 t 1 

1 
1 

~avenurntm tcm-'l 

F igu re  4. I n f ra red  absorpt ion of shales AP(60) and AP(8) which have been a c i d  
leached and low-temperature ashed. 
a m n i u m - i o n  absorpt ion and shale AP(60) does not. 

Shale AP(8) shows sane 

I 
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Fine (-325 mesh1 -- 
2 8  Come 140 - 70 mesh) 

E 
Ca (25) shale 

10 20 30 

Hours of oxidation 

Figure 5 .  Weight loss during low-temperature ashing of raw shale Ca(25). The 
samples were stirred at the time of  each data point. 

Figure 6. Fractional loss of N. H. and C during low-temperature ashing of 
Sample L-l(9A/5). 
these elements in minerals. Residual N and H is due to the presence of 

Figure 7. 

' I  

determined 
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N a t u r a l l y  Occurr ing Arsenic Compounds i n  a 
Green R iver  O i  1 Shale 

James Jaganathan, Mysore S. Mohan and Ralph A. Z ingaro 

Department o f  Chemistry and t h e  Coal and 
L i g n i t e  Research Laboratory 

Texas A&M Un ive rs i t y  
Col lege Sta t ion ,  Texas 77843 U.S.A. 

The d i s t r i b u t i o n  o f  a rsen ic  among the  var ious components o f  a sample of  Green 
R iver  o i l  shale has been inves t iga ted .  A number o f  arsenic species, some o f  which 
have n o t  been p rev ious l y  reported, have been i d e n t i f i e d .  The g rea tes t  f r a c t i o n  of 
arsenic,  65 percent  o f  t h e  t o t a l ,  was found t o  be present as sku t te rud i te ,  (Co, Fe, 
Ni)As3 and s a f f l o r i t e ,  (Fe, Co)As2. 
so lub le  f r a c t i o n ,  very  probably i n  the  form o f  arsenate. Almost n ine  percent was 
ex t rac ted  by HF w i t h  the  quar tz  and s i l i c a t e s .  The bitumens and kerogens accounted 
f o r  t h ree  and f o u r  percent o f  the  t o t a l  As, respec t ive ly ,  and t h i s  was found t o  
e x i s t  i n  the  form o f  methylarsenic and dimethylarsenic compounds. 
found fo r  t he  residence o f  a rsen ic  i n  the  p y r i t e .  

About 16 percent was present  i n  an HC1- 

No evidence was 

Among t h e  f o s s i l  f ue l s ,  o i l  shales are  known t o  have the  h ighes t  concentrat ions 
of  arsenic,  averaging 44 ppm. Dur ing recent  years, and a t  the  present t ime, there 
has ex i s ted  a g rea t  deal o f  p u b l i c  concern about the  contaminat ion o f  t he  environ- 
ment. Also, t he  r e f i n i n g  o f  shale o i l s  w i l l  u t i l i z e  ca ta l ys ts  which a re  w ide ly  
used i n  petroleum technology, y&. , pla t inum and palladium. Arsenic i s  well-known 
t o  a c t  as a poison toward such ca ta l ys ts .  
t i o n  about the  modes o f  occurrence o f  a rsen ic  i n  o i l  shales i s  o f  importance. 

F ish  and co-workers (1) us ing  a h igh  performance l i q u i d  chromatograph coupled 
t o  a g raph i te  furnace atomic absorp t ion  de tec to r  were ab le  t o  conf i rm the  presence 
of methylarsonic ac id ,  benzenearsonic a c i d  and arsenate i n  o i l  shale r e t o r t  and 
process waters. F ish  and Brinckman (2 )  s tud ied  the  methanol e x t r a c t s  ob ta ined from 
Green R iver  o i l  shales. They repor ted  the  presence of  t he  same th ree  arsen ic  spec- 
i e s  i n  such ex t rac ts  and the  presence o f  o the r  u n i d e n t i f i e d  organoarsenic compounds. 
Jeong and Montagna (3 )  performed a g r a v i t a t i o n a l  separa t ion  fo l lowed by an isodyna- 
mic magnetic separat ion o f  pu l ve r i zed  Green R iver  o i l  shale. 
ment o f  arsenic i n  f r a c t i o n s  w i t h  h igher  magnetic s u s c e p t i b i l i t y ,  they concluded 
t h a t  there  e x i s t s  an assoc ia t ion  between the  arsen ic  conten t  and i ron -con ta in ing  
s u l f i d e  minerals such as Fel-xS and Fe(AsS)2. 

t i o n  o f  arsenic among t h e  var ious components which c o n s t i t u t e  a sample o f  Green 
R iver  o i l  shale.  The most 
s i g n i f i c a n t  r e s u l t  was the  d iscovery  o f  the  presence o f  two arsen ic  minera ls  which 
account f o r  two t h i r d s  o f  the  t o t a l  arsenic.  
i n  o i l  shales. 

EXPERIMENTAL 

The o i l  shale sample used i n  t h i s  study was from the H e l l ' s  Hole Canyon o f  
nor theas t  Utah which forms p a r t  o f  t he  U in ta  bas in  (Mahogany Zone). The sample, 
a f t e r  i t  was disaggregated w i t h  a "Shatterbox" and screened through a U.S. stan- 
dard -100 mesh sieve, had the  f o l l o w i n g  proximate ana lys is :  

P r i m a r i l y  f o r  these two reasons informa- 

Based on the  enr ich-  

In t h i s  r e p o r t  we descr ibe the  r e s u l t s  o f  a systemat ic study of the  d i s t r i b u -  

O f  t h e  t o t a l  arsenic,  97 percent was accounted fo r .  

These had n o t  been p rev ious l y  found 
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% moisture,  0.26+0.02; % v o l a t i l e s ,  41.8950.14; % ash, 57.9220.24; f i x e d  carbon 
(by d i f f e rence )  ,-0.18+0.12. 

Metal Analyses. 
Perkin-Elmer Model 272 g raph i te  furnace atomic absorp t ion  spectrometer. 
a t  a concentrat ion o f  400 ppm was added as a ma t r i x  m o d i f i e r  i n  the  arsen ic  analy- 
ses. Corroborat ion o f  the  As and Fe values and the  determinat ions o f  t he  o the r  
metal  i o n  concent ra t ions  were performed w i t h  an ARL Model 34000, simultaneous, 
vacuum i n d u c t i v e l y  coupled argon plasma emission spectrometer ( ICPAES) .  

Ashinq. 
was used t o  prepare t h e  low temperature ash from the  raw shale and t h e  residue 
ob ta ined fo l l ow ing  each a c i d  deminera l i za t ion  s tep  (F igure  1 ) .  

Arsenic Speciat ion.  Arsenate, a rsen i te ,  methylarsonic and d ime thy la rs in i c  species 
were converted t o  t h e  hydr ides  which separated and analyzed f o r  separately.  De- 
t a i l s  o f  the  method are  descr ibed elsewhere (4, 5). The technique, i n  a d d i t i o n  t o  
being very sens i t i ve ,  makes poss ib le  a d i f f e r e n t i a t i o n  between inorgan ic  As ( I I1 )  
( reduc t ion  by BH4- a t  pH 6.5) and inorgan ic  As(V)(both A s ( I I 1 )  and As(V) a re  re- 
duced a t  pH 2).  Methy la rsen ic  and dimethylarsenic compounds a r e  reduced t o  MeAsH2 
and MezAsH, resp. These are t rapped a t  l i q u i d  n i t rogen  temperatures and e a s i l y  
separated by f r a c t i o n a l  d i s t i l l a t i o n .  Control  experiments us ing  MeAs(O)(OH)z and 
MezAs(0)OH showed t h a t  t he  cond i t ions  used f o r  d iges t i on  o f  the  kerogens and b i t u -  
mens, v&., concentrated n i t r i c  a c i d  a t  temperatures n o t  exceeding 100°C f o r  2 h 
i n  a capped f l a s k  fo l l owed  by the  a d d i t i o n  o f  1 m l .  o f  HClO4 (70 percent )  a t  the  
same temperature f o r  30 min., does no t  cause any rup tu re  o f  H3C-As o r  H3C-As-CH3 
bonds. 
t h i s  treatment. 

X-Ray D i f f r a c t i o n  and SEM-EOS Measurements. 
low temperature ash samples, o f  t he  raw o i l  sha le  and o f  the  residues remaining 
a f t e r  successive deminera l i za t ion  treatments were obtained w i t h  the  use o f  a 
Se i fe r t -Sc in tag  PAD I 1  powder d i f f rac tomete r  automated by a DGC Nova 3 computer. 

Scanning e l e c t r o n  microscopy w i t h  energy-dispersive X-ray spectrometr ic 
measurements were c a r r i e d  ou t  a t  t he  E lec t ron  Microscopy Center, Texas A&M Univer- 
s i t y .  
d i spe rs i ve  and wavelength d i spe rs i ve  spectrometr ic c a p a b i l i t i e s ,  d i g i t a l  beam con- 
t r o l  and dual wavelength c a p a b i l i t y .  

RESULTS AND DISCUSSION 

Arsen ic  and i r o n  i n  aqueous so lu t i ons  were determined us ing  a 
N icke l ,  

A Branson/IPC, Model 4005-448 AN Automated Radio Frequency Plasma Asher 

Known compounds were converted q u a n t i t a t i v e l y  t o  the  ars ines  fo l low ing  

D i f f rac tograms o f  t he  minerals i n  the 

The ins t rument  used was a JEOL 35CF e l e c t r o n  microscope equipped w i t h  energy- 

Figure 1 o u t l i n e s  a f low diagram which descr ibes t h e  chemical separat ion 
sequences used i n  t h i s  study. 
sence Of minerals t y p i c a l  o f  Green R iver  o i l  shales wi th  a l b i t e  (NaAlSi308), 
do lomi te  (CaC03-MgC03) and quar t z  compris ing the  major mineral  phases. Other 
mfmi-a?s wiiicii were i d e n t i f i e d  and found t o  be present i n  s i g n i f i c a n t  concentra- 
t i o n s  were p y r i t e  (FeSz), o r thoc lase  (KAlSi308) and c a l c i t e .  

showed t h a t  t reatment w i t h  5M HC1 was accompanied by the  removal o f  dolomite and 
c a l c i t e .  I n  the  HC1-HF t r e a t e d  shale o n l y  p y r i t e s  appear t o  remain. The i n t e n -  
s i t i e s  of t h e i r  c h a r a c t e r i s t i c  spacings appear t o  be enhanced, probably due t o  
the  removal of o t h e r  minerals.  
P y r i t e  peaks disappear. 
t reatments was charac ter ized  by the  absence o f  d i f f r a c t i o n  peaks. 
bu ted  t o  the  amorphous and m i c r o - c r y s t a l l i n e  na ture  o f  t h e  ma te r ia l .  

Powder X-ray d i f f r a c t i o n  s tud ies  revealed the  pre- 

Studies of t he  X-ray powder pa t te rns  a t  var ious stages o f  deminera l i za t ion  

As expected, fo l low ing  treatment w i t h  HNO3, t h e  
The mat te r  remaining a t  t he  end o f  t he  successive a c i d  

This i s  a t t r i -  
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I n  Table 1 are  l i s t e d  the  concentrat ions o f  a rsen ic  and i r o n  i n  var ious o i l  
The r e s u l t s  show shale components separated according t o  the  Scheme i n  F ig .  1. 

t h a t  the  bu lk  o f  the  arsenic,  %65 percent  o f  the  t o t a l ,  can be ex t rac ted  by 2M 
n i t r i c  acid.  S i x t y  percent o f  t he  i r o n  i s  a l s o  ex t rac ted  by t h i s  reagent. 

I d e n t i f i c a t i o n  o f  Sku t te rud i te  and S a f f l o r i t e .  Fragments o f  t he  sha le  were f rac-  
t u r e d  from a l a rge  10 kg sample. Based on v i sua l  observat ion,  t h e  fragments 
c o l l e c t e d  represented both darker (presumably o i l - r i c h )  and l i g h t e r  l aye rs .  The 
fragments co l l ec ted  were examined as fo l l ows :  1. The fragments were embedded i n  
thermop las t ic  cement (Buehler Sci. Co., Cat. No. 40-8100); 2. t he  mounted Samples 
were po l i shed w i t h  alumina t o  a g r i t  o f  0.311. 3. i n  the  case o f  some fragments 
o r i g i n a t i n g  from the more l i g h t l y  co lo red  l aye rs  o f  the shale sample, l us t rous ,  
s i l v e r  grey mineral  p a r t i c l e s  became v i s i b l e .  4. t he  prepared samples were coated 
w i t h  25A t h i c k  l a y e r  o f  carbon and examined by SEM-EDS. 5. based on t h e  x-ray 
microanalysis,  l a rge  (1-2 mn) mineral  p a r t i c l e s  o f  i n t e r e s t  were ex t rac ted  from 
t h e  SEM speciments a f t e r  d i sso l v ing  the  cement w i t h  acetone; 6. x-ray powder 
diffractograms were obtained o f  these p a r t i c l e s  and, f o l l o w i n g  t h e i r  d i s s o l u t i o n  
i n  HNO3, metal i o n  concentrat ions were determined by ICPAES. 

Figure 2 shows the  e lec t ron  micrograph o f  an arsen ic -conta in ing  minera l  pa r -  
t i c l e  and the  energy-dispersive x-ray spectrum o f  the  same p a r t i c l e .  
spo t  analyses on the s i l ve r -g rey  mineral  g r a i n  i nd i ca ted ,  based on a standardless 
semi -quant i ta t i ve  procedure (SSQ), t he  f o l l o w i n g  un i fo rm composition: %As, 76.7; 
%Fe, 8.90; %Co, 10.2, % N i ,  4.1. 
i n  these p a r t i c l e s .  
and s a f f l o r i t e  was ob ta ined f r o m  measurements o f thed -spac ings  i n  t h e i r  x-ray 
powder d i f f rac tograms as i s  i l l u s t r a t e d  i n  F ig .  3. Fur ther  co r robo ra t i on  was 
ob ta ined from the  r e s u l t s  o f  a n a l y t i c a l  measurements (ICPAES) o f  t he  metal  i o n  
conten t  o f  these p a r t i c l e s :  %As, 71.4; %Fe, 10.4; %Co, 3.9; % N i ,  5.1; %Ca, 4.2. 
The composition o f  t he  arsenide minera ls  exc lud ing  ca lc ium was as fo l l ows :  %As, 
74.6; %Fe, 10.8; %Co, 9.3; % N i ,  5.3 g i v i n g  a s to ich iomet ry  o f  Fel .0C00.82Ni0.46AS5.1 

being accumulated, i n  some cases, f o r  per iods  as long as 5000 seconds, showed no 
evidence o f  the  presence o f  arsenic.  These r e s u l t s  i n d i c a t e d  q u i t e  conc lus i ve l y  
t h a t  i n  t h i s  o i l  shale sample the  arsen ic  i s  present as sku t te rud i te ,  (Co,Fe,Ni)As3 
and s a f f l o r i t e ,  (Fe,Co)As2, b u t  n o t  w i t h  p y r i t e .  

Methylated Arsenic Compounds i n  Bitumen and Kerogen. 
gen were analyzed f o r  t o t a l  a rsen ic  by d iges t i on  w i t h  con HN03 fol lowed by con HClO4 
and taken t o  fuming. 
f o l l o w i n g  d iges t i on  methods which keep the  H3CAs and (H3C)zAs bonds i n  t a c t  (see 
e x p t l .  p a r t ) .  
f r a c t i o n  o f  the t o t a l  a rsen ic  i n  these organ ic  components i s  p resent  i n  the  form 
inorgan ic  arsenic(V).  
inorgan ic  arsenic minera ls  w i t h  these components. 
t he  bitumens and kerogens i s  p resent  as H3C-As and(H3C)zAs species. 
have no t  y e t  been quant i ta ted .  

CONCLUSION 

Several 

There was no evidence o f  t h e  presence of s u l f u r  
Evidence t h a t  these p a r t i c l e s  were composed o f  s k u t t e r u d i t e  

Examination o f  about seventy p y r i t e  p a r t i c l e s ,  by SEM-EDS, with x - ray  photons 

Samples o f  bitumen and kero- 

They were a l s o  analyzed by hydr ide  reduc t ion  techniques 

The r e s u l t s  o f  these s tud ies  show very c l e a r l y  t h a t  o n l y  a minor 

Th is  i s  poss ib l y  due t o  t h e  d i s t r i b u t i o n  o f  smal l  q u a n t i t i e s  
The bu lk  o f  the  arsen ic  i n  both 

These r e s u l t s  

The bu lk  o f  t h e  arsen ic  i n  a sample o f  Green R ive r  o i l  shale, a lmost 65 per -  

None was found t o  be associated w i t h  the  p y r i t e s .  

cen t  o f  t he  t o t a l ,  i s  p resent  as s k u t t e r u d i t e  and s a f f l o r i t e .  

arsenic i s  ex t rac ted  by HC1, and t h i s  may be i n  the form o f  arsenates. 
solubles,  p r i m a r i l y  quar tz  and s i l i c a t e s ,  have about n ine  percent  o f  t h e  t o t a l  
arsenic.  

About 16 percent  o f  t h e  
The HF- 

The bitumens and kerogens accounted f o r  t h r e e  and f o u r  percent  o f  t h e  

35 1 



t o t a l  o r i g i n a l  a rsen ic  and t h i s  was found t o  conta in  s i g n i f i c a n t  amounts o f  methyl 
and dimethylarsenic compounds. 
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Table 1. D i s t r i b u t i o n  o f  Arsenic and I r o n  among O i l  Shale Components* 

Sample d e s c r i p t i o n  As pg/g o i l  shale I r o n  p / l O O  g o i l  shale 

GF- AAS ICPAES GF-AAS ICPAES 

Raw shale 72.3L0.68 6851.2 2.23f_0.02 2.24+0.01 

HC1-soluble 1320.1 lO+O. 1 0.49+0.003 0.47+0.004 

HF-soluble 6.34k0.06 ------ 0.352G.004 ------ 
HN03-so1uble 4620.6 4750.4 1.3420.03 1.3120.03 

__-_-_ ------ THF-soluble 1.8820.11 2.12 

R** 3.2820.02 3.23fp.01 --_--- -_---- 

*Each value represents  an average o f  the  r e s u l t s  o f  a t  l e a s t  t h ree  exper i -  

** R :  HC1-HF-THF-HN03-treated o i l  shale. 
ments. 
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\ 
F i g .  2a. Electron micrograph o f  arsenic-r ich mineral, magnification x36. 
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AsO:-, H3CAs-. 
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Fig. 1. Flow Diagram of the Sequence of  Chemical Separation o f  Oil Shale 
Components. 
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SF SK 

Fig. 3 .  Powder x-ray diffractogram of the particle in Fig. 2a. Key to 
symbols: SK, skutterudite; SA, Safflorite; CA, c a k i  t e .  

Fig. 2b. Energy-dispersive x-ray spectrum of the particle in Fig. 2a 
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Effect  o f  Acid-Clay Treatment on Ni t rogen Compound 
D i s t r i b u t i o n  i n  Fuels from Shale O i l  

Steven A. Holmes and Wi l l i am E. B lanton 

Western Research I n s t i t u t e  
P. 0. Box 3395, U n i v e r s i t y  S ta t i on  

Laramie, Wyoming 82071 

INTRODUCTION 

The p roper t i es  o f  f u e l s  have been s tud ied  ex tens i ve l y  i n  r e l a t i o n  t o  the 
e f fec ts  o f  processing on them and t h e i r  e f f e c t  on thermal and/or storage 
i n s t a b i l i t y .  Studies i n d i c a t e  n i t rogen  species i n  hydrot reated f u e l s  de r i ved  from 
shale o i l  have de le te r i ous  e f f e c t s  on f u e l  s t a b i l i t y  (1) .  The spec ia t i on  o f  n i t rogen  
compounds a t  ppn l e v e l s  i n  f u e l  prov ides i n fo rma t ion  regard ing f u e l  s t a b i l i t y  and 
a l l ows  poss ib le  s e l e c t i o n  o f  an t i ox idan t  add i t i ves .  However, l i t t l e  i n fo rma t ion  i S  
a v a i l a b l e  regard ing spec ia t i on  o f  n i t r o g e n  compounds a t  t r a c e  l e v e l s  i n  fue l s .  

Comparing physicochemical p roper t i es  o f  an o i l  before and a f t e r  processing has 
provided i n s i g h t  t o  processing e f f e c t s .  Ni t rogen compound-type d i s t r i b u t i o n s  i n  
crude shale o i l  and i n  fue l s  produced by c a t a l y t i c  hydrotreatment have been stud ied 
(2,3). Cata lyst  s e l e c t i v i t y  toward hydrodeni t rogenat ion o f  d i f f e r e n t  n i t r o g e n  types 
has been determined. Other o i l - upg rad ing  schemes have incorporated a c i d  treatment 
o f  shale o i l s  (4). In 1979. Standard O i l  o f  Ohio (Sohio) hydrot reated shale o i l  t o  
remove 80 percent o f  i t s  n i t rogen;  however, about 3350 ppn n i t r o g e n  remained i n  the 
hydrot reated products (5).  These products were subsequently t r e a t e d  w i t h  a c i d  and 
c l a y  t o  remove res idua l  fuel-bound n i t r o g e n  and c o l o r  bodies, making the f i n i s h e d  
products storage s tab le.  F in ished j e t  f u e l  conta ined l e s s  than one ppll n i t rogen ,  and 
f i n i s h e d  d iesel  f ue l  conta ined 23 ppn n i t rogen.  Sohio repo r ted  t h a t  ac id -c lay  
treatment a l so  removed non-nitrogen con ta in ing  compounds. 

With the development o f  high r e s o l u t i o n  gas chromatographic c a p i l l a r y  columns 
and computer data base reduc t i on  systems, a n a l y t i c a l  techniques have al lowed e f f i -  
c i e n t  spec ia t i on  o f  n i t rogen  compounds i n  f u e l s  (6) .  The f o l l o w i n g  work presents the 
spec ia t i on  o f  n i t rogen  compounds i n  hydrot reated and f i n i s h e d  f u e l s  der ived from 
shale. A comparison o f  these compound types i s  used t o  discuss e f f e c t s  o f  ac id -c lay  
treatment o f  the fue l s .  An ana lys i s  o f  t he  n i t r o g e n  types i n  the f i n i s h e d  f u e l  i s  
discussed i n  terms o f  t h e i r  r e a c t i v i t y  toward f u e l  i n s t a b i l i t y .  

EXPERIMENTAL 

Hydroprocessing o f  Shale O i l  

Shale o i l  from t h e  Paraho d i r e c t  heat r e t o r t  was hydroprocessed by Sohio under 
a con t rac t  w i t h  the  U.S. Departments o f  Energy and Defense (5).  Whole crude o i l  was 
c a t a l y t i c a l l y  hydrot reated over d nickel-molydenum c a t a l y s t  and then f r a c t i o n a t e d  by 
d i s t i l l a t i o n  t o  maximize y i e l d s  o f  m i l i t a r y  t r a n s p o r t a t i o n  fue l s ,  j e t  f u e l s  (JP-5 
and Jp-8) and d iese l  f u e l  marine (OFM). Each hydrot reated f u e l  was t r e a t e d  with ac id  
and c lay.  About 10.8 kg o f  93 weight percent  s u l f u r i c  a c i d  was used t o  con tac t  each 
bb l  of f u e l ;  the ac id - t rea ted  fue l  was separated from the a c i d  sludge and passed 
through c l a y  f i l t e r s .  a c l a y  contactor ,  and f i n a l  f i l t e r  t o  product storage. An 
a n t i o x i d a n t  was added t o  the ac id -c lay  t rea ted  fue l .  The e f f e c t  o f  a c i d - c l a y  t r e a t -  
ment on n i t rogen  compound-type d i s t r i b u t i o n  was inves t i ga ted  by ana lyz ing  the com- 
pos i t i ons  o f  the hydrot reated OFM and the  f i n i s h e d  DFM. 
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F r a c t i o n a t i o n  by Adsorpt ion Chromatography 

prepara t ive  alumina adsorp t ion  chromatography was used t o  f r a c t i o n a t e  the  
hydro t rea ted  OFM and f i n i s h e d  DFM i n t o  hydrocarbon and n i t rogen  f rac t i ons .  An accu- 
r a t e l y  weighed amount o f  hydrotreated OFM (about 10 grams) was d i l u t e d  w i t h  100 m l  
of hexane and pumped o n t o  bas ic  alumina i n  a 0.9 cm i.d. x 50 cm glass column. An 
add i t i ona l  100 m l  o f  hexane e lu ted  the hydrocarbon f r a c t i o n  from bas ic  alumina. The 
n i t r o g e n  f r a c t i o n  was backf lushed from t h e  column w i t h  40 volume percent ethanol i n  
to luene. Because some n i t r o g e n  compounds remained i n  t h e  hydrocarbon f r a c t i o n ,  t h i s  
f r a c t i o n  was chromatographed again on neu t ra l  alumina i n t o  hydrocarbon and py r id ine  
. f ract ions.  An a c c u r a t e l y  weighed amount o f  t h e  f i n i s h e d  DFM (about 174 grams) was 
d i l u t e d  w i th  1800 m l  hexane and pumped onto  neu t ra l  alumina. An add i t i ona l  100 m l  o f  
hexane e lu ted  t h e  hydrocarbon f r a c t i o n  from t h e  column and the  n i t rogen  f r a c t i o n  was 
backf lushed from the  n e u t r a l  alumina w i t h  40 volume percent methanol i n  benzene. 
Rates for  sample charg ing  and f r a c t i o n  e l u t i o n  were 6 ml/min. Solvents were care- 
f u l l y  removed from f r a c t i o n s  under reduced pressure. So lvent - f ree  f r a c t i o n s  were 
weighed and s to red  under n i t r o g e n  i n  r e f r i g e r a t e d  amber g lass  conta iners  u n t i l  
compound-type analyses. 

Ana ly t i ca l  Methods 

Elemental n i t rogen  i n  t h e  fue l s  and t h e i r  f r a c t i o n s  was determined by chemi- 
luminescence de tec t ion .  Standard so lu t i ons  ranging from 3 x 10-2 M t o  5 x 10-5 M 9- 
methy lcarba to le  i n  t o l u e n e  were used as ca l i b ran ts .  Amounts o f  bas ic  n i t rogen  were 
determined by p o t e n t i o m e t r i c  t i t r a t i o n  ana lys is  us ing  acetoni  t r i l  e-to1 uene and 
a c e t i c  anhydr ide-toluene w i t h  pe rch lo r i c  ac id  i n  dioxane as t i t r a n t  (3) .  These 
repor ted  values are  accura te  w i t h i n  f 3  r e l a t i v e  percent. I n f r a r e d  spec t ra  were 
obtained with a Perkin-Elmer model 621 g r a t i n g  spectrophotometer. The n i t rogen-  
c o n t a i n i n g  f r a c t i o n s  were d i l u t e d  i n  methylene ch lo r ide ,  and spectra recorded i n  t h e  
absorbance mode us ing  s o l v e n t  compensation w i t h  a matched p a i r  o f  potassium ch lo r i de  
i n f r a r e d  c e l l s  o f  path l e n g t h  0.5 mm. 

High r e s o l u t i o n  gas chromatographic ana lys is  (HRGC) o f  t h e  n i t rogen-conta in ing  
f rac t i ons  was done with an HP model 573DA equipped w i t h  a c a p i l l a r y  column i n l e t  
system. A 60-meter DE-1  fused s i l i c a  c a p i l l a r y  column was used w i t h  a g lass  e f f l u e n t  
s p l i t t e r  ( 1 : l )  f o r  s imultaneous flame i o n i z a t i o n  (FID) and nitrogen-phosphorous 
d e t e c t i o n  (NPD). Hel ium was used as c a r r i e r  gas. Column l i n e a r  f l ow  v e l o c i t y  was 
20 cm/sec. Samples were d i l u t e d  w i t h  methylene ch lo r i de ,  and s p l i t l e s s  i n j e c t i o n s  
hav ing  a 45-second delay t ime were used w i t h  a 3OoC i n i t i a l  oven temperature f o r  t he  
n i t rogen-conta in ing  f r a c t i o n s  from the hydro t rea ted  DFM. A 14OOC i n i t i a l  oven tem- 
p e r a t u r e  was used f o r  t h e  n i t rogen  f r a c t i o n  from the  f i n i s h e d  DFM. Oven temperature 
was programed t o  300'C a t  Z°C/min. 

S i m i l a r  gas chromatographic cond i t ions  descr ibed above were employed f o r  com- 
pound-type ana lys i s  by h i g h  r e s o l u t i o n  gas chromatography/mass spectrometry (HRGC/- 
MS). An upgraded HP model 5985 was used w i t h  an i n t e r f a c e  temperature o f  300OC. 
Source temperature was 2OO0C, and i o n i z a t i o n  vo l tage was 70V. A mass range from 45 
t o  500 amu was scanned. 

RESULTS AN0 DISCUSSION 

Concentrat ion of N i t rogen Compounds by Chromatograph1 

The n i t rogen  compounds i n  t h e  f u e l s  were concentrated t o  f a c i l i t a t e  d e t a i l e d  
compound-type c h a r a c t e r i z a t i o n .  Two n i t rogen-conta in ing  f r a c t i o n s  from the  hydro- 
t r e a t e d  DFM and one n i t r o g e n  f r a c t i o n  from t h e  f i n i s h e d  DFM were generated by a lu -  
mina adsorpt ion chromatography. A py r id ine  f r a c t i o n  from the  hydrotreated DFM was 
i d e n t i f i e d  by i t s  d i s t i n c t  i n f r a r e d  absorbances a t  1598 cm-1 (C=C s t r e t c h )  and 
1557 cm-l (C=N s t r e t c h ) ,  suggest ing the  presence o f  p y r i d i n i c  compounds. The absence 
of these absorbances i n  t h e  f i n i shed  DFM confirmed t h e  lack  o f  a p y r i d i n e  f rac t i on  
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as Well as p y r i d i n i c  compounds. The n i t rogen  f r a c t i o n s  from both f u e l s  d i sp layed  N- 
H s t r e t c h i n g  a t  3460 cm-1. suggesting the  presence o f  p y r r o l i c  compounds. 

Ni t rogen compounds comprised 6 weight percent and 0.13 weight percent  o f  the 
hydrot reated DFM and f i n i s h e d  DFM (Table 1). respec t i ve l y .  The low n i t r o g e n  
contents  i n  the p y r i d i n e  f r a c t i o n  (2.92 weight percent)  and i n  the n i t r o g e n  f r a c t i o n  
from the f i n i shed  OFM ( 1 . 6 2  weight percent)  suggest the presence o f  non-n i t rogen 
con ta in ing  compounds. However, exce l l en t  n i t rogen  recovery was obtained. About 99 
percent and 91 percent o f  the n i t rogen  from the  hydrot reated DFM and f i n i s h e d  DFM. 
respec t i ve l y ,  was concentrated i n  t h e  p y r i d i n e  and n i t rogen  f rac t i ons .  

Amounts o f  bas ic  n i t rogen  were determined i n  each o f  t he  n i t rogen-con ta in ing  
f r a c t i o n s  and are presented i n  Table 2. A l l  t he  n i t rogen  i n  the p y r i d i n e  f r a c t i o n  
was weak base (pka 7 t o  9). suggesting the presence o f  py r id ine  de r i va t i ves .  The 
po ten t i omet r i c  t i t r a t i o n  ana lys i s  o f  the n i t r o g e n  f r a c t i o n  from the  hydrot reated DFM 
ind i ca tes  no t  on l y  p y r i d i n i c  compounds but  a l so  the presence o f  arylamines and 
hydrogenated indoles and/or qu ino l ines (pka 2 t o  7), and indo les  and carbazoles 
(nonbasic n i t rogen) .  The n i t rogen  f r a c t i o n  from the f i n i s h e d  DFM conta ins predomi- 
n a t e l y  nonbasic n i t rogen  which does no t  undergo extens ive a c e t y l a t i o n  ( 2 7  percent)  
i n  ace t i c  anhydride; t h i s  suggests the presence o f  nonactive hydrogens i n  i ndo le -  
and/or carbazole-type compounds. 

HRGC/FID/NPD and HRGC/MS Analysis 

HRGC w i t h  simultaneous de tec t i on  by FID and NPD was used t o  e s t a b l i s h  opt imal  
gas chromatographic cond i t i ons  f o r  the HRGC/MS ana lys i s  presented below. Acceptable 
peak r e s o l u t i o n  w i thou t  t a i l i n g  was achieved on the apolar  chromatographic column. 
I n  Figure 1. the one-to-one peak correspondence o f  each de tec to r  response t o  the 
components i n  the n i t royen  f r a c t i o n  from the hydrot reated DFM suggests t h a t  t h i s  
f r a c t i o n  contains compounds w i t h  a t  l e a s t  one n i t rogen  atom. Phosphorous i s  mot 
expected t o  be present i n  these f r a c t i o n s .  However, i n  Figure 2 the FID/NPD r e -  
sponses o f  the species from the  f i n i s h e d  DFM i n d i c a t e  few n i t r o g e n  compounds which 
have long column r e t e n t i o n  times ( i n i t i a l  oven temperature, 140°C). FID/NPD r e -  
sponses f o r  species i n  the p y r i d i n e  f r a c t i o n  i n d i c a t e  the presence o f  non-nitrogen- 
con ta in ing  compounds. The n i t rogen  species i n  the p y r i d i n e  f r a c t i o n  a re  d i s t r i b u t e d  
about in termediate column r e t e n t i o n  t imes compared w i t h  the longer  times f o r  species 
i n  the n i t royen  f rac t i ons .  

Ni t rogen i n  the p y r i d i n e  f r a c t i o n  i s  p r i m a r i l y  found i n  the isomers o f  a l k y l -  
subs t i t u ted  d ihydropyr id ines,  py r id ines ,  qu ino l ines,  and te t rahyd roqu ino l i nes  shown 
i n  Table 3. It i s  noteworthy t h a t  many d i f f e r e n t  isomers o f  a l ky l t e t rahyd roqu ino -  
l i n e s  are i nd i ca ted  r e l a t i v e  t o  fewer a l ky lqu ino l i nes .  The bui ldup o f  t e t rahyd ro -  
qu ino l ines i s  i n d i c a t i v e  o f  t he  r a t e  determin ing s tep i n  the  hydrogenation o f  quino- 
l i n e .  The la rge  number of isomers o f  a l k y l p y r i d i n e s  has been observed p rev ious l y  
( 7 ) .  Not l i s t e d  f o r  the p y r i d i n e  f r a c t i o n  are non-n i t rogen-conta in ing compounds 
which i nc lude  a l k y l - s u b s t i t u t e d  benzenes, naphthenes, b iphenyls ,  and 9-H f luorenes. 
Because compound-type s e n s i t i v i t y  f a c t o r s  were no t  a v a i l a b l e  a t  the t ime  o f  analy-  
s i s ,  q u a n t i t a t i v e  data were n o t  obtained. 

Large numbers of isomers o f  alkyltetrahydroquinolines and a l k y l p y r i d i n e s  are 
i nd i ca ted  by HRGC/MS ana lys i s  o f  t he  n i t r o g e n  f r a c t i o n  from hydrot reated DFM. These 
r e s u l t s  are l i s t e d  i n  Table 3. I n f r a r e d  absorbances a t  3375 (N-H s t r e t c h )  and 
1612 cm-1 and po ten t i omet r i c  t i t r a t i o n  ana lys i s  (pka 2 t o  7 )  suggest t h a t  arylamines 
a r e  a l so  i n  t h i s  f rac t i on .  Because chemical i o n i z a t i o n  was no t  done, ana lys i s  by 
e l e c t r o n  impact i o n i z a t i o n  cannot d i f f e r e n t i a t e  arylamines from py r id ines .  Previous 
work (8) showed about 15 percent o f  t he  py r id ines  may be comprised o f  arylamines. In 
add i t i on ,  a l k y l - s u b s t i t u t e d  pyrro les.  i ndo les ,  and carbazoles are present. 

The r e t e n t i o n  t ime  o f  carbazole i n  the  t o t a l  i o n  CUffent chromatogram (TICC) of 
t he  n i t rogen  f r a c t i o n  from the hydrot reated DFM i s  i nd i ca ted  i n  Figure 3. The ex- 
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t r a c t e d  i o n  cu r ren t  p r o f i l e s  (EICP) of methylcarbazoles and dimethylcarbazoles are 
shown i n  F i g u r e  4. These compound types have long column r e t e n t i o n  times, and they  
comprise minor amounts o f  n i t rogen  i n  the  f u e l  as i nd i ca ted  by t h e i r  i o n  i n t e n s i -  
t i e s .  

The HRGC/MS a n a l y s i s  o f  the  n i t rogen f r a c t i o n  from the  f i n i shed  DFM was f a c i l i -  
t a t e d  by matching i t s  FID/NPD chromatograms (F igure  2) with t h a t  o f  i t s  T I C C .  Mass 
spec t ra l  f ragmentat ion pa t te rns  o f  t h e  few n i t rogen-conta in ing  compounds i n  t h i s  
f rac t i on  a re  t e n t a t i v e l y  i d e n t i f i e d  as carbazole,  methylcarbazoles, and dimethyl-  
carbazoles. Except f o r  t he  i o n  i n t e n s i t y  o f  carbazole i n  t h e  f i n i s h e d  DFM, r e l a t i v e  
i n t e n s i t i e s  o f  t h e  a lky lcarbazo les  i n  t h e  f i n i s h e d  DFM agree very we l l  w i t h  those i n  
t h e  hydrotreated DFM. No o the r  n i t rogen  types were i d e n t i f i e d ;  however, t h i s  does 
not preclude m i  nor amounts undetected a t  base1 i n e  l eve l s .  The non-ni t rogen-contain- 
i n g  compounds were a1 k y l  - subs t i t u ted  naphthalenes and 9-H f luorenes. 

E f f e c t  o f  Acid-Clay Treatment on Nitrogen Compound D i s t r i b u t i o n  

A comparison o f  t h e  n i t r o g e n  compound d i s t r i b u t i o n s  i n  f u e l s  be fore  and a f t e r  
acid-clay t reatment demonstrates which n i t rogen  types are suscept ib le  t o  removal. 
Acid-clay e f f e c t i v e l y  removed 99.3% o f  t h e  n i t rogen  from t h e  hydro t rea ted  DFM. As 
expected, bas ic  n i t r o g e n  compounds such as arylamines form s a l t s  i n  reac t i on  w i t h  
ac id ;  py r id ine  d e r i v a t i v e s  adsorb i n t o  a c i d i c  medium and/or p a r t i c i p a t e  i n  e lec t ro -  
p h i l i c  s u b s t i t u t i o n  reac t ions ,  and both compound types are removed as ac id  sludge. 
A py r id ine  f r a c t i o n  was present only i n  t h e  hydrotreated f u e l  and was completely 
removed by the  a c i d - c l a y  treatment. Very weak base and nonbasic n i t rogen  compounds 
such as indo les ,  which experience adsorp t ion  and/or a c i d  c a t a l y s i s  and 
po lymer iza t ion  r e a c t i o n s ,  are e f f e c t i v e l y  removed by ac id -c lay  treatment. 
I n t e r e s t i n g l y ,  some carbazo le  de r i va t i ves  s u r v i v e  ac id -c lay  t reatment.  E a r l i e r  work 
(8 )  showed carbazole d e r i v a t i v e s  c o n s t i t u t e d  about 66 ppm n i t rogen  i n  the  
hydrotreated DFM. Therefore,  ac id -c lay  removed almost two- th i rds  o f  t h e  carbazole 
d e r i v a t i v e s  f rom t h e  hydro t rea ted  DFM. Nonbasic carbazoles are  s o l u b l e  i n  mineral  
acids;  t h e i r  r e l a t i v e  u n r e a c t i v i t y  al lows some t o  remain i n  t h e  f i n i s h e d  fue l .  

I n  the  a c i d - c l a y  t reatment o f  j e t  f u e l  (JP-8), n i t rogen  was not detected i n  the  
f i n i s h e d  f u e l .  High r e s o l u t i o n  mass spec t romet r ic  ana lys i s  o f  t h e  hydro t rea ted  JP-8, 
which contained 3000 ppm n i t rogen,  i nd i ca ted  s i m i l a r  n i t rogen- type d i s t r i b u t i o n  t o  
t h a t  i n  the  hydro t rea ted  DFM, except carbazole d e r i v a t i v e s  were no t  detected. Acid 
and c l a y  e f f e c t i v e l y  removed a l l  n i t rogen  types from t h e  JP-8 fue l .  Carbazole de r i v -  
a t i v e s  i n  t r a n s p o r t a t i o n  f u e l s  a re  the  n i t rogen  compounds l e a s t  a f fec ted  by acid- 
c l a y  treatment. 

The importance o f  determining res idua l  n i t rogen  types i n  f i n i s h e d  fue l s  re la tes  
t o  fuel  s t a b i l i t y .  Aromatic n i t rogen  compounds have measurable sediment under low 
temperature s to rage cond i t ions .  Work repor ted  (9) on model compounds has i nd i ca ted  
t h a t  s-pwtric.!,  h igh ly  :ondensed aromatic n i t rogen  compounds appear l e s s  reac t i ve  
than the  p a r t i a l l y  hydrogenated counterparts or  h i g h l y  a l ky la ted  he terocyc l i cs .  
These model compound s tud ies  suggest carbazole d e r i v a t i v e s  do no t  p a r t i c i p a t e  as 
s i g n i f i c a n t l y  i n  sediment format ion as do p y r r o l e  and indo le  de r i va t i ves .  Syner- 
g e s t i c  e f fec ts  a l so  p l a y  an important r o l e  i n  sediment format ion p a r t i c u l a r l y  as t h e  
hydrocarbon m a t r i x  becomes more complex: n-decane<jet fue l  <d iese l  f ue l .  The 
n i t r o g e n  d i s t r i b u t i o n s  i n  t h e  f i n i shed  DFM and JP-8 f u e l s  i n d i c a t e  these f u e l s  may 
be Storage s tab le .  However, non-ni t rogen compound types i n  these f u e l s  may very we l l  
a f fec t  fuel s t a b i l i t y .  

I n  summary, t he  a n a l y t i c a l  techniques presented have been app l ied  success fu l l y  
t o  t h e  ana lys is  o f  moderate and t race  q u a n t i t i e s  o f  n i t rogen  i n  fue l s .  The determi-  
n a t i o n  o f  n i t rogen  compound d i s t r i b u t i o n s  a i d  i n  understanding t h e  e f f e c t s  o f  fue l  
processing and i n  d i s c u s s i n g  f u e l  s t a b i l i t y .  
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Table 1. N i t rogen  Content i n  Fract ions from Fuels Derived from Shale 

Weight Percent Weight Percent Ni t rogen (Weight 
F rac t i ons  Sample Ni t rogen Percent o f  Sampler 

Hydrotreated DFM 

Pyr id ine F rac t i on  1.46 

Hydrocarbon F r a c t i o n  91.5 
Nitrogen F rac t i on  4.58 

Recovery (I) 98 

Finished DFM 

Nitrogen F rac t i on  0.13 
Hydrocarbon F r a c t i o n  94.2 

Recovery (%) 94 

2.92 0.043 
6.31 0.289 

11 P P  10 ppm 
NA 99 

1.62 
2 Ppm 

NA 

2 1  PW 
2 Ppm 

100 

Table 2. D i s t r i b u t i o n  o f  Basic Ni t rogen Contents i n  Fract ions from 
Fuels Derived from Shale 

Weight Percent o f  Ni t rogen 
Weak Base Very Weak Base Nonbasic Ni t rogen 

F rac t  i ons pka 7 t o  9 pka 2 t o  7 

Hydrotreated DFM 
Pyri d i  ne F rac t i on  2.92 
Nitrogen .F rac t i on  4.70 

_-  
0.76 

-- 
0.77 

Finished DF14 
Nitrogen F r a c t i o n  0.04 0.06 1.52 

360 



Table 3. Compound Classes i n  Frac t ions  from Hydrotreated DFM 

No. o f  Isomers No. o f  Isomers 
i n  F rac t i on  i n  F rac t i on  

\ Compound C1 assa Py r id ine  N i t rogen Compound Class Py r id ine  N i t rogen 

\ 
D i  hydropyr id ines 

c 7  

C 8  

C9 

c 2  

c 3  

c 4  

c 5  

c 7  

C 8  

C 9  

c 10 

C l l  
1 c 1 2  

Pyri d i  nesb 

c 6  

c 1 3  

I 4  

Tetrahydroquinol  i nes  

C l  

c 2  

c 3  

c 4  

c 5  

c 7  

C 8  

c 6  

6 
4 
4 

-- 
-- 
4 
10 
15 
29 
24 
30 
19 
21 
17 
9 
2 

-- 
-- 
3 

11 
13 
9 
2 
1 

_- 
-- 
-- 

3 
21 
28 
44 
42 
33 
21 
26 
39 
33 
11 
2 

-- 

11 
19 
30 
22 
37 
28 
13 
-- 

Q u i n o l i n e s  

CO 

C l  
c 2  

c 3  

c 4  

c 5  

C l  

c 2  

c 3  

c 4  

c5 

c 7  

C 8  

P y r r o l e  

C I O  
Carbazoles 

CO 

C l  

c 2  

Indo les  

c 6  

Acr id ines /  

Phenanthr id ines/ 

Benzoquinolines 

1 
1 
2 
6 
4 
2 

4 
5 
8 
16 
18 
24 
18 
2 

1 

1 
3 
1 

-- 

I 
a L i s t i n g  o f  C, re fe rs  t o  t h e  number o f  carbons i n  s u b s t i t u e n t s  on t h e  

heteroaromat ic compound. 

A lky la ry lamines  a re  inc luded w i t h  py r id ines  i n  t h e  n i t rogen  f rac t i on .  
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Figure 1. HRGC Chromatograms of Nitrogen Froction from Hydrotreoted DFM 
(Initial Oven lemperoturo, 30°C) 
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Fiaura 2. HRGC Chromatoprams of Nitrogen Fraction from Finirhad DFM (Initial Oven Tomparaturo, 14OPC) 
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Figure 3. HRMS/GC Analysis of Hydrotreated DFM 
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Figure 4. Extracted Ion Current Profile of Alkylcarbazoles 
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